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ABSTRACT 


A  reliable  thermocouple  temperature  sensing  system  for  aircraft  jet  engines 
having  an  operating  temperature  range  of  1800®F  (982®C)  to  2300®F  (1260®C)  has 
been  developed.  The  purpose  of  this  system  is  for  pre-turbine  installation  to 
allow  potential  increases  in  engine  thrust. 

The  system  is  unique  in  that  it  uses  a  thermoelement  combination  of 
palladium  and  platinum  15%  iridium-  Provisions  are  also  made  for  matching  lead 
wires  up  to  ambient  temperatures  in  the  I3OO  to  1500®F  (704*  8l6®C)  temperature 


range. 


The  system  has  been  shown  to  be  reliable  over  the  specified  temperature  range 
for  a  400  hour  period. 


PUBLICATION  REVIEW 


The  publication  of  this  report  does  not  constitute  approval  by  the  Air 
Force  of  the  findings  or  conclusions  contained  herein.  It  is  published  only 
for  the  exchange  and  stimulation  of  ideas. 
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CHARIES  U.  MICHAEIS 
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SECTION  !  -  INDRODDCTION 


A  reliable  thermocouple  temperature  sensing  system  for  aircraft  jet  engines 
baring  an  operating  ten5>erature  range  of  1800®F  (982®C)  to  2300®F  (1260®C)  has 
been  developed.  The  purpose  of  this  system  is  for  pre-turbine  Installation  to 
allow  potential  increases  in  engine  thrust.  Thrust  gains  of  29  to  45  percent 
are  possible  by  increasing  the  turbine  inlet  temperature  from  1500®F  (8l6®C)  to 
1900®F  (1038®C). 

Although  numerous  combinations  of  thermocouple  materials  exist,  few  hare 
become  popular.  The  types  of  Table  1  account  for  well  over  of  the  thermo¬ 
couples  in  use  today. 

Selection  of  suitable  thermoelements  for  any  application,  and  this  appli¬ 
cation  in  particular,  represents  a  compromise  of  accuracy,  life,  ruggedness, 
response  time  as  Influenced  by  conduction,  radiation  losses,  partial  adiabatic 
recovery,  errosion.  size,  convective  heat  transfer,  etc. 

Extensive  Investigations  in  the  past  have  been  conducted  on  thermocouple 
systems  other  than  those  listed  in  Table  1.  and  it  became  apparent  early  in 
this  project  that  a  consolidation  of  scattered  high  temperatxure  thermocouple 
information  was  necessary.  In  consolidating  this  information,  it  was  found 
systems  reported  as  suitable  for  high  temperatures  were  done  so  without  proper 
clarification  of  atmosphere,  life  and  stability.  For  this  reason,  the  con¬ 
clusions  that  can  be  drawn  from  such  a  compilation  are  necessarily  very  general 
ones. 


Very  few  materials  are  capable  of  withstanding  a  specified  steady-state 
operating  temperature  of  2300®F  (1260®C)  with  short-time  transients  to  2500°F 
(1371®C).  Listed  in  Table  2  are  elements,  having  melting  points  in  excess  of 
2500®F  (1371®C)  in  ascending  order.  Because  of  the  exceptional  reliability 
required  of  the  materials  for  pre-turbine  installation,  determination  of  proper 
materials  presented  the  major  problem. 

A  tabulation  of  all  types  of  materials  would  be  prohibitive,  however  their 
approximate  range  of  melting  points  are  shown  in  Figure  1.  In  addition  to 
limitations  imposed  by  the  melting  point,  sufficient  reliability  make  it 
necessary  that  the  additional  factors  listed  below  be  considered.  ' 

1.  Good  oxidation  resistance 

2r  Good  impact  properties 

3.  Good  thermal  shock  characteristics 

4.  Adequate  strength 

5r  Good  fatigue  properties 

6.  Resistance  to  excessive  scaling 

7.  Adequate  creep  properties 

Revised  manuscript  released  by  the  author  October  1958  for  publication  as  a 
WADC  Technical  Report. 
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TABLE  1.  PRESENT  THERMOCOUPLE  SYSTEMS 


Thermocouple 


Max.  Teniperature 
Cont.  Use  Soot  Readlnrta 


Output 

mv/lOO°C 


Chromel -Coustantan 


2 


5 


Iron-Cons tantan 


Copper-Constantan 


Nlolcel  18$^  Holybdenum- 
4^'  Nickel 

- "  '  ■  - - -  ' 

/  Chrome  1-Alumel 


g\ 


Platinum-Platinum  13^ 
Rhodium 


5 


Platlntim  1^  Rhodium  - 
Platinum  13^  Rhodium 

Platinum- Platinum  lOJ^  / 
Rhodium  ' 


Platinum  3^  Rhodium- 
Platinum  20^  Rhodium 


(jy  Platinum  6^  Rhodium  - 
Platinum  30$^  Rhodium 


1000  °C 
(1832°P) 

800^0 

(1472°?) 

400°C 
(  752°P) 

I300°c 

(2372°?) 

1100°C 

(2012°F) 

i6oo°c 

(2912°F) 

1600°C 

(2912°F) 

1600°C 

(2912°F) 

1600°C 

(2912°F) 

1600°C 

(2912°F) 


7.65  @  1000 °C 


1100 °c  5.69  @  800 °C 
(2012®P) 


500°C 
(  932°F) 


1300°C 

(2372°F) 


1750°C 

(3182°F) 


1750°c 

(3182°F) 


1750°C 

(3182°F) 


1750°C 

(3182°F) 


1750°C 

(3182OF 


5.22  @  400 °C 


5.17  @  1300°C 


4.04  @  1300°C 


1.17  @  i6oo°c 


1.17  @  1600°C 


1.05  ®  i6oo°c 


0.672  @  i6oo°c 


0.704  @  1600°C 


/ 1  Platinum  20^^  Rhodium  - 
’  ^  Platinum  40J^  Rhodium 


1800°C 

(3272°F) 


l800°c/  0.6  @  1800°C 

(3272°^) 


^  Irldliam- Iridium  605^ 
Rhodium 


2000°C 

(3632°P) 


0.5  @  1650 

&  2000  V. 
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TABLE  2.  MELTING  POINT  OF  THE  ELEMENTS 


ELEMENT 

MELTING 

Qc 

POINT 

°F 

ELEMENT 

MELTING 

°C 

POINT 

Silicon 

1410 

2570 

♦Flhodlum 

1966 

3571 

Yttrium 

1452 

2646 

Boron 

2100 

3812 

Nickel 

1455 

2651 

Hafnium 

2130 

3866 

Cobalt 

1493 

2719 

Ruthenium 

2500 

4352 

Iron 

1540 

2804 

Columblum 

2415 

4379 

Chromium 

1550 

2822 

♦Iridium 

2454 

4449 

♦Palladium 

1554 

2829 

Molybdenum 

2622 

4752 

Titanium 

1690 

3074 

Osmium 

2700 

4892 

♦Platinum 

1773 

1830 

3223 

Tantalum 

2996 

5425 

Zlrconlvun 

3326 

♦Rhenium 

3167 

5732 

Thorium 

Vanadium 

1842 

1900 

3348 

3452 

Tungsten 

3400 

6152 

With  these  additional  requirements  demanded,  it  was  found,  for  example, 
that  carbides,  nitrides,  oxides,  metal  borides,  silicides  and  cermets  ful¬ 
filling  melting  point  reqi  irements,  did  not  satisfy  all  the  properties  as 
listed  above.  The  only  category  of  material  likely  to  have  a  future,  although 
many  have  been  tested  with  only  fair  success,  appeared  to  be  the  cermets  con¬ 
sisting  of  hard  carbides  such  as  titanium  and  chromium  carbide  bonded  with 
cobalt  and  nickel.  These  materials  received  some  consideration  during  this 
development  and  are  discussed  in  a  later  section. 

It  was  apparent  that  the  elements  listed  in  Table  2  provide  a  starting 
point  in  a  search  for  suitable  material.  These  materials  were  considered  with 
respect  to  the  requirements  listed  above.  The  requirement  of  ^ood  oxidatjLon 
resistance  dictated  that  materials  having  good  che^act^istica  without 
proTecTTon  be  considix^TPirst  and  then  those  which  require  protection.  The 
elements  po^iDie  to  enploy  unprotected  were  the  noble  metals  rhenium,  iridium, 
rhodium,  platinum,  and  palladium.  Of  these  five,  only  the  laxxer  four  were 
comniercially  available  in  pracTical  quantities  and  the  volatilization  of  these 
materials  at  the  higher  teii5)erature  became  a  major  consideration. 

Crooks  (30)  reports  that  the  loss  of  rhodium  at  2372®F  (1300®C)  in  air  is 
only  one-half  that  of  platinum,  one-sixth  that  of  palladium,  and  one-sixtieth 
that  of  iridium.  This  also  represents  the  order  of  choice  of  material  for  this 
application  other  things  being  equal. 

For  clarification,  the  coii5>onent  parts  of  systems  in  the  discussion 
following  are  identified  as  follows: 

1.  Thermoelements  -  Two  different  metals  joined  together  at  two  common 
junctipns.  When  one  of  the  Junctions  is  maintained  at  some  temperature 
other  than  the  temperature  of  the  second  jimction,  an  emf  is  generated. 
The  generated  electromotive  force,  provided  it  is  small,  is  propor¬ 
tional  to  the  temperature  difference. 

2.  Lead  wires  -  Consist  of  two  different  metals,  having  thermoelectric 
characteristics  similar  to  those  of  the  thermoelements.  Any 
difference  of  output  from  thermoelements  will  introduce  error  in  the 
system  when  the  lead  wire  -  thermoelement  junction  is  at  a  temperature 
other  than  that  of  the  cold  junction. 

3*  Insulation  -  This  is  the  thermocouple  system  insulating  medium  which 
provides  high  resistance  leakage  paths  between  the  system  components. 
Low  resistance  leakage  paths  are  a  source  of  inaccuracies  in  output. 

4«  Sheath  -  The  sheath  serves  as  the  system  supporting  member  containing 
insulation  and  thermoelements. 
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3*  Connectors  -  Provide  a  means  of  system  interconnection* 

6*  Harness  -  Usually  used  for  structure  mounting  and  providing  inter¬ 
connection  of  several  thermocouple  probes  to  obtain  average  t^pera- 
ture  reading  over  a  large  area* 

The  specific  requirements  of  these  individual  components  as  required  by 
this  contract  are  given  prior  to  their  discussion  which  follows* 
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II.  THEFU^lOILIiKEXJT 


The  requirements  of  the  thermoelements  are  as  follows  i 

1.  Steady  state  teinperature  range.  0-2300®F  (1260®C) 

2.  Maximum  transient  temperature  range.  Up  to  2500®F  (1371®C) 

3*  Accuracy  -  The  thermocouples  shall  conform  to  NBS  standardi¬ 
zation  within  plus  or  minus  0.5/5;  the  overall  accuracy  of 
the  system  shall  be  within  plus  or  minus  0.75^» 

4*  Output  -  The  highest  possible  signal  output  (about  22  milli¬ 
volts  at  2000®F)  is  desirable,  however,  it  is  probable  a  com¬ 
promise  may  be  made  between  output,  structural  strength,  and 
mechanical  v/orkability. 

5*  Constancy  of  Calibration  -  Subsequent  to  all  tests  of  this 
contract,  the  calibration  of  the  thermocouples  and  the  com¬ 
plete  system  shall  not  deviate  from  the  requirements  of 
Paragraph  3. 

6.  Gas  Flow  Rate  -  The  thermocouple  system  shall  be  capable  of 
measuring  the  temperature  of  gases  with  velocities  ffom  0 
to  0.8.  Mach. 

7.  Engine  Test  -  The  complete  thermocouple  system  as  required, 
shall  be  capable  of  satisfactory  operation  in  a  turbojet 

or  turboprop  engine  selected  by  WADC.  The  operating  temper¬ 
atures  and  temperatures  to  be  measured  will  be  1800-2300°F. 

The  ambient  temperature  of  the  harness  shall  not  exceed  1500®F. 
Th^  test  shall  be  for  a  /^OO-hour  period  and  will  be  conducted 
on  engine  test  stands  at  WADC  according  to  the  test  procedures 
outlined  in  military  specification  MIL-E-5009B.  After  completion 
of  tests,  the  thermocouple  system  shall  be  tested  for  conformance 
to  Paragraphs  3  4* 

An  extension  of  the  thermoelement  materials  presented  in  the  introduction 
appears  in  Appendix  I.  This  listing  also  includes  alloys,  rhodium,  platinum 
and  their  alloys.  However,  taking  into  account  the  output  requirements  of 
Section  5  Figure  2,  it  was  found  that  these  materials  would  not  satisfy 
the  above  specification. 

In  considering  other  combinations,  it  was  noted  from  Fig.  3  that  a 
material  could  be  made  to  provide  an  adequate  signal  when  placed  in  combination 
with  palladium.  Figure  4  indicated  that  a  platinum- iridium  allpy  would  be 
adequate  with  the  palladium  vs.  platinum- iridium  combination  yielding  the 
larger  output.  On  this  basis,  the  materials  palladium  and  platinum- iridium 
were  chosen  for  detailed  investigation. 
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THERMAL  E.M.P.  (AT  1200°C-MV) 


Pt  WEIGHT  PERCENT  RHODIUM  Rh 

FIGURE  2.  THERMAL  E.M.P.  BETWEEN  RHODIUM- PLATINUM 
AND  PURE  PLATINUM  REFERENCE  AT  IIOOOC 


PERCENT  ALLOY  ADDITION 


TEMPERATURE  ^C 


FIGURE  3.  THERMAL  E.M.P.  OP 
PLATINUM  ALLOYS  VS.  PLATINUM 
AT  1200°C 


FIGURE  H.  -THERMAL  E.M.P. CP 
NOBLE  METALS  VS.  PLATINUM 

(AS  A  FUNCTION  OF  TIMPIRATOflE) 
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Palladium  was  the  only  noble  material  negative  to  platinum  capable  of 
providing  an  increased  output,  it  was  interesting  to  examine  why  this  material 
has  not  found  more  general  thermocouple  use.  Table  3  presents  a  con5)arison 
of  properties  of  platinum  and  palladium,  and  it  was  noted  that  little  varia¬ 
tion  in  general  exist  between  the  two  materialsl  There  were,  however,  some 
characteristics  distinct  to  palladium  as  noted  belowi 

1.  Palladium  is  superficially  oxidized  if  heated  to  a  tenperature  of 
700®C  (1292®F).  The  oxide  (PdO)  formed  deccaxposes  above  875®C 
(1607®F)  and  a  bright  metal  remains. 

2.  Palladium  will  absorb  as  much  as  800  to  900  times  its  own  volume 
of  hydrogen  over  a  range  of  temperetxire. 

3*  Subjected  to  alternate  oxidizing  and  reducing  atmospheres 
surface  blistering  is  apt  to  result. 

Little  prior  information  existed  on  the  thermoelectric  stability  and 
capability  of  palladium  to  operate  at  elevated  temperatures.  An  extensive 
literature  survey  produced  only  one  reference  (8l)  which  indicated  excellent 
stability  in  the  392  to  1112®F  (200  to  600®C)  range  when  usedin  combination 
with  silver,  therefore,  the  present  work  assumed  an  extensive  study  to  deter¬ 
mine  the  characteristics  of  palladium  at  high  temperatures. 

The  program  to  determine  these  characteristics  can  be  detailed  as  follows t 
Figure  5  illustrates  the  combustion  chamber  designed  for  simulation  of  service 
atmospheres.  The  chamber  was  operated  on  number  two  fuel  oil  and  maintained 
test  hold  tanqperatures  to  approximately  ±  25®F  in  the  2000  to  2500®F  (IO93  to 
13710c)  range  and  ±  50®F  in  the  25OO  to  2700®F  (I37I  to  1482°C)  range. 

Chemically  pure  palladium  was  suppled  by  Baker  and  Co.,  Inc.,  Newark, 

New  Jersey  and  subjected  to  environmental  testing  in  the  combustion  chamber 
at  2400®F  (1316®C).  Figure  6  illustrates  the  photomicrographs  of  structural 
changes  with  time.  Other  than  grain-growth,  there  was  no  evidence  of  internal 
or  surface  damage  in  the  simulated  atmosphere  for  175  hours. 

Thermoelectric  stability  tests  were  performed  by  calibrating  against 
assumed  stable  materials.  The  materials  chosen  for  these  test  were  rhodi\jm, 
platinum,  and  platinum  20%  rhodiimi.  Figure  7  shows  observed  percentage  emf 
changes  after  operation  at  temperature  for  the  indicated  time.  These  devi¬ 
ations  were  obtained  by  noting  the  change  from  initial  calibration  at  1093®C 
(2000®F).  Rrom  these  figures  the  variability  of  palladium/platinum  was  more 
random  than  that  of  palladiuVrhodium  or  palladium/platinum  20%  rhodium. 

On  the  basis  of  these  tests,  it  was  concluded  that  palladium  was  thermo¬ 
elec  trically  stable  in  the  temperature  range  concerned  in  this  development. 
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TABTrK  3.  GENERAL  CHARACTERISTICS  OF  PALLADIUM 

AND  PLi\TINUr4 


PALLADIUM 

PLATINUM 

Density  Qi  2CPC,  g/cc. 

12.02 

21.45 

Crystal  Lattice 

F.C.C. 

F.C.C. 

Lattice  Cell,  A 

3.8825  _  ^ 

3.9158  , 

Melting  Point 

1554  (2829°F) 

1773^5  (3224. 3° P, 

Thermal  Conductivity  &  20° C 
Cal/sec/cnr/°C  @  100°C 

0.168 

0.177 

0.172 

Specific  heat  @  0°C 

0.058 

0.031 

cal/gm/°C  @  20°C 

0.058 

0.032 

100°  C 

0.059 

0.032 

500°  C 

0.064 

0.035 

1000° C 

0.071 

0.038 

1500°c 

-- 

0.042 

Resistivity  0°C 

10.0 

9.83 

Mlcro-ohm-cm  20°C 

10.8 

10.6 

100 

14. 3 

13.6 

500 

27.5 

27.9 

1000 

40.0 

43.1 

1500 

-- 

55.4 

Coef.  of  Expansion  @  100°C 

11.1 

X  100  500 

'  12.4 

9.6 

1000 

13-6 

10.2 

Tensile  Strength  200°C 

27.0* 

19.5*  18.0** 

psi  X  10-3  400 

19.0 

17.0  15.0 

600 

13.0 

15.0  11.0 

800 

8.0 

12.0  7.7 

1100 

3.0 

4.0  3.5 

Elasticity  Modulus 
psi  X  10-0 

13.8 

21.4 

Brine 11  Hardness 

46 

42 

Machlnabllity 

Poor 

Poor 

*  GRADE  1 

♦*C.P.  (Chemically  P\jre) 
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FIGURE  5.  COMBUSTION  TEST  FACILITY.  AIRCRAFT 
HIGH -TEMPERATURE  THERMOCOUPLE 
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25  HOURS 


100  HOURS 


75  HOURS  150  HOURS 


175  HOURS 

FIGURE  6.  STRUCTURAL  VARIATION  OF  PALLADIUM  IN  AN 
OXIDIZING  ATMOSPHERE  AT  2400°F  (13l6°C) 
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During  the  initial  testing  of  the  thermoelements  Indicated  above* 
several  failures  vere  observed  as  illustrated  in  Figure  8a*  These  failures 
vere  of  ooneern  since  the  paMar  tests  of  palladium  did  not  indicate  this  effect* 

As  a  result*  a  study  was  made  to  determine  the  reasons  for  the  voids  appearing 
throughout  the  palladium*  Since  it  was  more  or  less  confirmed  that  combustion 
(See  Figure  6)  was  not  the  source  of  this  damage*  Junction  welding  techniciues  were 
suspected*  These  suspicions  were  confirmed  by  the*fact  that  the  inclusions 
ocoured  in  close  proximity  to  the  junction*  Figure  8b  shows  the  results 
of  electric  arc-welding  as  compared  to  inert-«arc  welding*  When  inert-arc 
welding  was  used  on  additional  test  units*  the  failures  disappeared. 

Since  one  of  the  objectives  of  this  work  %ras  to  obtain  a  high  output 
system*  several  other  materials  (Appendix  I)  were  also  tested*  The  output 
of  the  additional  systems  chosen  for  testing  are  shown  in  Figure  9  ^  compared 
to  the  characteristics  of  cbromel/alumel*  Since  some  of  the  materials  of 
these  experimental  units  were  oxidizable  they  were  aissembled  in  the 
concentric  construction  of  Figure  10.  The  results  of  testing  these  units 
are  shown  in  Table  4*  Although  only  those  combinations  which  had  probability 
of  success  earlier f  conqpleted  the  test*  the  significance  was  that  palladium 
did  afford  some  protection  to  materials  such  as  tungsten  and  titanium. 

As  a  result  of  the  latter  tests*  either  palladiuiVplatinum  10^  iridixam 
or  palladiun^platinum  15%  iridium  were  found  to  be  suitable  thermoelements 
for  use  in  this  project* 


Addendum 

During  the  extensive  testing  of  thermoelements*  several  combinations  in 
the  platinum  series  were  tested  for  possible  application  to  temperatures  as 
high  as  2700®F  (1482®C)*  These  were  tested  prior  to  modification  of  objectives 
under  this  contract*  The  results  of  these  tests  are  shown  in  Table  3* 
will  be  noted  that  all  of  the  platinum/platinum-rhodiimi  series  prove  adequate 
for  the  proposed  application  excepting  the  output  requirement*  The  one 
system  consisting  of  iridiuiViridium  60^^hodim  included  in  Table  5  served 
to  prove  that  even  at  2400®F  Cl3l6®C)  the  volatili-^  of  iridium  was  sufficient 
to  prevent  operation  beyond  3^0  hours*' 

Calibration  Results 

Calibration  involves  the  problem  of  variability  of  thermoelement  materials* 
In  all  cases*  developmental  thermoelement  materials  were  specified  to  be  as 
follows s 

Palladium  -  Chemically  pure,  special  pure  or  specially  refined  (Grade 
two  in  platinum  grading  system)*  Supplied  by  Baker  &  Co* 
Newark*  New  Jersey* 

Platinum  13^  Iridium  -  1 .3 .A.  standard.  Supplied  by  Si^und  Cohn  Carp*, 

Mt.  Vernon,  Nevr  York. 
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JUNCTION  FAILURE  40X 


TIP  OF  FAILURE  150X 
FIGURE  8a.  PALLADIUM  JUNCTION 


AREA  NEXT  TO  TIP  150X 
FAILURE  DURING  COMBUSTION  TESTING 


AIR  WELD 


60X 


INERT  WELD 


60X 


riGURE  8b.  EFFECTS  OF  WELDING  IN  AIR  OR  INERT  ATMOSPHERE 
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FIGURE  9.  CCKPARATTVE  OUTPUT  OF  CHROMEL-A LUMEL  AND  DEVELOPMENT 

SYSTEMS 
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FIGURE  10.  EXPERIMENTAL  CONCENTRIC  THERMOCOUPLE  ASSEMBLY 


TABLE  4.  EXPERIMENTAL  TEST  RESULTS  OF  DEVELOPMENT 

SYSTEMS 


SYSTEM 


MAXIMUM 
COMBUSTION 
TIME  -  HOURS 


MAXIMUM 
COMBUSTION 
TEMP.-  op 


Palladium/Nickel  l8^  Molybdeniim  50 

Palladlum/Chrotnel  50 

Palladium/Tungsten  l8 

Palladivim/425^  Platinum  Clad  Tungsten  50 

Palladlum/Platinum  15^  Irldlvun  400+ 

Palladlxim/Rhodium  *  600+ 

Pa  Had  i\am/Ti  tanlum  25 

PalladlumyPlatinum  10^  Iridium*  400+ 

Platlnum/Platinum  13^  Rhodlxim  800+ 


2300 

2200 

2400 

2400 

2300 

2400 

2200 

2300 

2700 


♦Standard  construction,  butt-welded  Junction-all  others  of  concentric 
-  construction. 


TABLE  5.  MAXIMUM  PERCENT  E.M.F.  DEVIATION  DURING 

LIFE  TEST  CYCLE 


SYSTEM 


Platlnum/Platlniun  10^  rhodium 

II  n  II 

II  II  II 

Platlnum/Platlnum  135^  rhodium 

II  II  II 

II  II  II 

Platinum  rhodlum/Platlnum 
305^  Rhodium 

II  II  II 

Plat.  55^  Rhodium/Plat.  20^  Rh. 

II  II  II 

Ir/Ir  605^  Rh 


WIRE 

DIAMETER 


♦♦MAXIMUM  PERCENT 
CHANGE 


INCHES 

400  HRS. 

800  HRS. 

.020 

-0.30 

.040 

0.10 

0.22 

.020 

• 

0.22 

.020 

0.02 

.020* 

-0.21 

0.13 

.020 

0.13 

.040 

-0.09 

0.15 

0.20 

0.06 

.020 

0.27 

.020 

— 

.048 

.035 

Ir  completely  volatl- 

llzed  @  300 
combustion . 

hrs .  in 

*  Coated  with  Roklde  "A"  as  supplied  by  Norton  Company,  Worceater,Mass . 

♦■i^Plrst  600  hours  operated  at  13l6*^C  (2400°F)  and  the  last  200  hours 
at  1482®C  (2700°P). 
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It  vas  found  that  these  specifications  still  allowed  a  Tarlahlllty  of  iO.35^ 
in  the  thermoelement  thermoelectric  characteristics,  ilcknowledglng  that  this 
Tarlahlllty  would  exist  until  the  materials  were  qualified  as  standard  thermo¬ 
couple  materials,  the  following  calihratlon  was  established  using  the  equipment 
of  figure  11. 


(Reference  Junction  at  3^7) 


Temp* 

Output 

Tenp. 

Output 

Teop. 

Output 

C*>F) 

(MV)- 

IfFl 

■(MV),. 

(^F) 

(MV) 

200 

1.72 

850 

10.49 

1500 

22.  ?5 

250 

2.29 

900 

11.29 

1550 

23.27 

300 

2.87 

950 

12.11 

1600 

24.29 

350 

3-47 

1000 

12.94 

1650 

25.36 

400 

4.09 

1050 

13.80 

1700 

26.42 

450 

4.73 

1100 

14.67 

1750 

27.50 

500 

5.38 

1150 

15.56 

1800 

28.60 

550 

6.06 

1200 

16.45 

1850 

29.71 

600 

6.75 

1250 

17.39 

1900 

30.83 

650 

7.46 

1300 

18.33 

1950 

31.96 

700 

8.19 

1350 

19.28 

2000 

33.12 

750 

8.94 

1400 

20.27 

2050 

34.27 

800 

9.70 

1450 

21.25 

2100 

35.48 

System  Calibration  Results 

Although  system  calibration  concerns  the  individual  calibration  of  thermo¬ 
elements  and  lead  wires,  discussion  of  lead  wires  is  deferred  to  a  latter 
section  of  the  report.  System  calibration  can  be  discussed  now  because  of  the 
strong  Interdependence  between  system  calibration  and  thermoelements. 

Ten  conqplete  systems  of  the  open  junction,  butt  welded  type  construction 
were  fabricated,  using  l6  gauge  (O.03I  inch)  diameter  wires.  A  system 
consisted  of  C.  P.  palladium,  platinum  15^  iridium,  an  alloy  of  4*3^  silicon- 
balance  nickel,  and  standard  Nichrome.*  Right  of  the  indicated  systems  were 
shipped  to  the  National  Bureau  of  Standards,  in  partial  fulfillment  of  this 
contract  while  two  identical  systems  were  kept  for  calibration.  The  approximate 
system  dimensions  were  as  shown  in  Figure  12.  The  system  calibration  results 
of  the  Instrument  Department,  West  Lynn,  are  shown  in  Table  6. 


•Itademark  -  Driver-Harris  Company 
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FIGURE  11.  SECONDARY  THERMOCOUPLE  CALIBRATION  TEST 
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TABLE  6.  G.  E.  CALIBRATION  OP  PALLADIUM- PLATINUM  155^ 

IRIDIUM  THERMOCOUPLE 
(INCLUDING  LEAD  WIRES) 


TEMPERATURE 

OUTPUT  IN 

op 

OC 

MILLIVOLTS 

-82.7 

-63.7  -1.04 

-38.7 

-39.. 

3  -0.66 

+  1.0 

-17.' 

2  -0.31 

83.5 

28.6  0.52 

120.7 

51.; 

3  0.93 

158.4 

70.3  1.29 

250 

121 

2.32 

500 

260 

5.46 

750 

399 

9.06 

1000 

538 

13.04 

1250 

677 

17.46 

1500 

816 

27.27 

2000 

1093 

32.65 

1/4"  1 

Oil" _ ^ 

lI 

1  x-Al 

1.  1r 

2O3 

1 

ra  ; 

Tzzzzzzzzzzzir- - 

t; 

|7C^ 

I  LEAD  WIRES 

16 

^6" — > 

^THERMOELEMENT  TO  LEAD  WIRE  JUNCTION 

^ - ! 

1 

ro 

FIGURE  12. 

N.B.S. 

CALIBRATION  SYSTEM  DIMENSIONS 

WADC  TR~57-74^ 


20 


CONCLUSIONS 


k  system  of  thermoelements  consisting  of  palladiuiVplatinum  1S%  iridium 
was  found  not  to  deviate  more  than  ±0.55?  when  subjected  to  an  oxidizing 
atmosphere  for  more  than  1^00  hours  in  the  1800  to  2300*F  (982  to  1260*C) 
temperature  range.  The  output  of  this  material  combination  was  found  to  be 
approximately  three-fourths  that  of  chromel/alumel. 

The  general  characteristics  of  these  materials  are  similar  to  a 
platlnun^platinum  13^  rhodium  system,  (strength,  etc.)  however,  the  cost 
of  palladium  is  as  low  as  one-fifth  that  of  platinum. 

The  fabrication  of  junctions  using  palladium  must  be  done  under  an 
inert  atvsph^e.- 

The  operation  of  this  system  is  not  recomnended  for  a  hydrogen  atmos¬ 
pheres  since  a  hydrogen  saturated  metal  when  checked  against  pure  metal  can 
give  a  signal  of  as  much  as  2?  microvolts  per  degree  centigrade.  A  system 
subjected  to  hydrogen  saturation  is  also  susceptible  to  the  damage  discussed 
in  this  section  previously. 
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Section  III  -  Lead  Wires 


Lead  wires,  particularly  for  noble  metal  thermoelements,  have 
received  comparltlvely  little  attention  In  the  past.  This  section 
of  the  report  deals  with  the  development  of  lead  wires  having  speci¬ 
fic  output  characteristics  for  the  noble  metals  under  consideration. 
Although  lead  wires  are  now  available  that  Have  practically  the  same 
tenqperature  epif  relation  as  some  noble,  metals,  they  do  so  over  a 
very  limited  range.  In  most  cases,  accuracies  of  from  1^  to  3^  iu 
the  range  from  32  to  392°P  (0  to  200°C)  are  common. 

The  flgiire  below  represents  a  schematic  of  a  thermocouple  (A  & 
B)  with  Interconnecting  lead  wires  (C  &  D) . 


Letting 

Eabcd  “  system 

T]^  =  Hot  temperature 

Ti  =  Intermediate  temperature  T^  >  T^  >  T2 

T2  =  Cold  Junction  temperature 

®AB  “  Thermoelectric  power  due  to  Metals  A  and  B 

®CD  “  Thermoelectric  power  due  to  Metals  C  and  D 

The  system  consists  essentially  of  two  thermocouples.  The  first, 
metal  A  in  combination  with  metal  B  with  a  hot  Junction  at  Ti  and 
effectively  a  cold  Jtinctlon  at  T  i  The  second,  metal  C  in  combina¬ 
tion  with  metal  D  with  a  hot  Junction  effectively  at  Ti  and  a  cold 
Jtinctlon  at  T2. 

Using  normal  thermometry  procedure, 

%B  =  ®Ab(^1  "  ^i^ 
and 

^CD  “  "  "^2^ 
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These  are  additire  so, 

*ABCD  *  ®AB  ♦  *  ‘AB  -  T^)  ♦  e^j,  (Tj  -  Tg) 

which  can  be  inodified  to 

^ABCD  »  •aB  (Ti  -  Tg)  -  (e  ab  -  e  qd)  ’  *2) 

ttaa  this  relation  if  e^B  ^  *CD  output  emf  of  the  system  is  - 

^tBCO  “  •aB  ^^1  "  ^2^ 

and  in  effect,  the  system  appears  to  contain  only  metals  A  &  B. 

The  contract  specifications  which  governed  the  study  in  tUs  area  were 
as  follows t 

1.  Accuracy  -  The  overall  accuracy  of  the  system  shall  be  within  plus 
or  minus  0.75^. 

2.  Constancy  of  Calibration  -  Subsequent  to  all  tests  of  this  contract, 
the  calibration  of  the  thermocouples  and  the  complete  system  shall 
not  deviate  from  the  requirements  of  paragraph  one,  above. 

3*  Ambient  Temperature  -  Varying  the  thermocouple  system  eunbient  temper¬ 
ature  ft* am  250*F  to  1300®F*  shall  not  affect  the  system's  accuracy 
more  than  an  additional  0.23^. 

4.  Spurious  emf  -  Each  connector  of  the  thermocouple  system  shall  be 
tested  for  spurious  junction  effect.  The  amount  of  emf  generated 
when  a  tenperature  gradient  of  100?F  is  imposed  across  any  one  * 

harness  connection  shall  not  introduce  an  error  of  plus  or  minus 
5*’F.  When  a  lOOO^F  gradient  is  imposed,  the  amount  of  emf  generated 
by  any  firewall  eoxmectioQ,  if  applicable,  shall  not  exceed  ^lus  or 
minus  5®V, 

Hie  first  step  in  obtaining  adequate  lead  wires  for  any  thermoelement 
weis  to  Investigate  several  probable  base  metal  material  ccmbinations.  Since 
this  development  was  concerned  earlier  with  a  platinum  series  of  systems  and 
then  a  palladium  series,  a  conpilation  of  closest  matches  found  along  with  thp 
characteristics  of  other  base  metals  are  present  in  Appendix  II  for  reference 
purposes . 


Platinum-Platinum  13^  Phodium  System 

At  the  beginning  of  the  lead  wire  development  program  it  was  noted  that 
the  Platinum-Platinum  lyl  Rhodium  thermocouple  would  be  selected,  so  lead 
wires  to  match  this  system  were  investigated.  The  choice  of  base-metal  alloy 
was  a  stainless  steel  paired  with  a  high  nickel  alloy.  A  general  survey  was 
made  by  measuring  the  output  of  sixteen  stainless  steel  wires  with 


•Item  3  oot  changed  during  formal  objective  change,  however,  shoixld  read  1300®F 
to  conform  with  requirements  of  Item  4* 
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each  of  three  high  nickel  alloys.  From  the  results,  it  was  found  that,  while  no 
pair  of  leads  gave  a  perfect  match  to  the  thermocouple,  it  was  possible  to  fabri¬ 
cate  a  stainless  steel  alloy  of  such  a  composition  that,  when  paired  with  a 
nickel  alloy,  would  have  characteristics  close  to  those  of  the  Pt-Pt  lyi  Rh  thermo¬ 
couple.  The  wires  tested  were  all  chemically  analyzed  and  this  information,  together 
with  the  output  data,  formed  the  basis  of  a  statistical  analysis  performed  by  the 
Statistical  Methods  Section  of  the  General  Electric,  General  Engineering  Laboratory. 

The  report  of  this  analysis  is  given  in  Appendix  III.  Prom  it,  the  approximate 
effect  on  output  of  each  constituent  of  a  stainless  steel  alloy  could  be  obtained 
at  each  temperature  indicated.  From  this  data,  the  composition  of  alloys  giving 
a  close  match  to  the  Pt-Pt  ly^  Rh  was  calculated. 

The  closest  calculated  match  was  an  alloy  containing  12.4%  nickel,  I8.7% 
chromium  and  the  balance  iron  with  traces  of  carbon,  phosphorous,  columbium,  and 
titanium.  It  was  paired  with  a  high  nickel  alloy,  (I9.7J  chromium,  0.5%  manganese, 
0.3%  iron,  1.3%  silicon  and  the  balance  nickel).  As  the  calculated  result  could 
not  be  relied  on  to  give  a  perfect  fit,  melts  were  made  up  to  investigate  the 
outputs  of  alloys  whose  composition  surrounded  that  of  the  theoretical  alloy.  All 
the  melts  were  of  nickel,  chromium  and  iron,  and  in  different  series  of  melts,  the 
percentages  of  nickel  and  chromium,  and  also  their  ratio,  were  varied.  For  each 
case,  a  set  of  ingots  based  on  the  composition  of  the  calculated  alloy  was  obtained. 

The  melts  were  cast  in  sand  molds,  then  rolled  down  to  rods  of  diameter  0.289 
inches.  One  set  of  rods  was  tested  in  this  cold  worked  condition  while  a  duplicate 
set  was  annealed  at  1830®F  for  1/2  hour  before  testing. 

By  the  time  all  the  rods  from  the  first  melt  had  been  tested,  it  had  been 
decided  to  concentrate  on  one  of  the  high  output  palladium  thermocouple  systems 
so  no#urther  testing  was  done  on  the  staihless  steel  alloys.  None  of  the  stainless 
steel  rods  tested  had  a  deviation  of  less  than  t5»0%  from  the  Pt-Pt  13%  Rh  thermo¬ 
couple,  so  that  the  effort  in  this  area  represents  one  of  probable  investigation 
for  future  work. 


The  Palladium  Systems 


The  stainless  steel  alloys  have  too  low  an  output  to  be  considered  as  lead 
wires  for  a  palladium-platinum  iridium  thermocouple.  Several  commercial  high 
nickel  alloys  were  tested  against  Nichrome*  (60%  nickel,  l6%  chromium,  balance 
iron)  and  the  results  (Fig  13414)  indicated  that  by  varying  the  percentage  of 
silicon  and  manganese  in  these  alloys  a  close  match  for  the  palladium  systems 
should  be  obtainable. 

An  investigation  of  the  effects  of  adding  manganese,  silicon,  and  aluminum 
to  nickel  both  separately  and  in  pairs,  was  made.  The  first  tests  indicated 
a  unidirectional  change  in  output  at  any  temperature  due  to  an  increase  in  the 


^^ademark  -  Driver  Harris  Co. 
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PIOURE  13.  LEAD  WIRE  OUTPUT  CCMP ARISON  FIGURE  l4.  EFFECT  ON  E.M.F.  OUTPUT  OP  SILICON 

FOR  ALLOY  DEVELOPMENT  PURPOSES  AND  MANGANESE  IN  A  NICKEL  ALLOY  (ALL 

ALLOYS  MEASURED  AGAINST  NICHROME) 


▼arl«ble»  but  •  more  detailed  inTestigation  over  a  wider  range  of  oonpoaitions 
indicated  that  the  trend  is  not  regular  but  has  turning  points  within  the 
range  of  coopoeitions  studied*  ^rther  work  covering  a  still  wider  range  of 
compositions  was  found  to  be  necessary  before  reliable  conclusions  could  be 
drawn,  but  the  results  obtained  were  summarized  as  followss  (Nichrome  was  the 
second  leg  in  all  cases)* 


Nickel«Silicon  Allies 

The  first  set  of  melts*  in  which  the/ percentage  of  silicon  varied  ftom 
1*86  to  3*86*  indicated  that  an  increase  in  bilicon  caused  an  indrease  in 
output  above  about  600**?  (3l6**C)  and  a  decrease  in  output  below  this  point* 
However,  teste  performed  on  melts  covering  a  slightly  larger  range  of  composio 
tions  (1*07X  •  5*25X  silicon)  showed  that  at  the  higher  test  temperatures  of 
1000®?  (53^0 )  and  I500®?  (8l6®C),  where  were  turning  pointe  near  each  end 
of  the  range  (?ig.  15) • 


Nickel •Manganese  Alloys 

There  was  not  enou^  test  data  available  on  this  binary  to  draw  a  final 
conclusion.  A  preliminary  test  Indicated  that  an  increase  in  manganese  content 
increases  output  at  temperatures  below  1100®?  (593°^)  decreases  it  between 
1100®?  (593®C)  and  I500®?  (8l6°C),  but  further  tests  only  confirm  this  for  part 
of  the  range.  Further  test  work  would  be  necessary  to  investigate  this  more 
fully. 


Nickel-Aluminum  Alloys 

An  increase  in  aluminum  content  decreased  output  at  500®?  (260?C)  but 
once  more  turning  points  occured  at  about  Ift  aluminum  content  at  both  1000®? 
(538^0)  and  1300®?  (8l6®C)  as  shown  in  Figure  I6*  The  aluminum  content  of 
the  melts  varied  between  0*93^  and 

Nickel-Manganese-Silicon  Alloys 

It  was  mere  difficult  to  Interpret  results  from  tests  with  ternaries  as, 
under  existing  conditions,  it  was  difficult  to  keep  the  quantity  of  one 
variable  constant  while  examining  the  effect  of  varying  the  other*  However, 
in  one  set  of  melts  the  silicon  content  was  kept  to  2*85  ^  O.05X  and  manganese 
content  was  varied  between  2*7S6C  and  Results  indicated  that  an  increase 

in  manganese  content  decreased  the  output  all  all  temperatures*  These  resulte 
were  supported  by  those  from  melts  containing  1*72  t  0,02%  silicon,  the 
manganese  varying  from  1*79^  to  3*37^ •  well  as  further  melts  in  which  the 
silicon  had  a  greater  degree  of  variation. 

The  manganese  content  was  also  held  approximately  constant  and  the  silicon 
cemtent  was  varied.  An  increase  in  silicon  here  also  produced  a  decrease 
in  output  all  all  temperatures. 

A  large  number  of  melts  of  similar  alloys  were  prepared  for  test  but  the 
shortage  of  time  did  not  permit  them  to  be  tested  under  this  contract* 
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FIGURE  15.  EFFECT  ON  OUTPUT  OF  INCREASING  FIGURE  I6.  EFFECT  ON  OUTPUT  OF  INCREASING 

SILICON  IN  A  NICKEL- SILICON  ALLOY  ALUMINUM  CONTENT  OP  A  NICKEL- 


Data  obtained  frcxn  the  ternaries  was  plotted  with  the  aid  of  triangular 
coordinates  in  order  to  predict  the  coamposition  of  a  ternary  which  would  meet 
any  feasible  output  specifications*  supposing  that  such  an  cdloy  exists* 

However,  a  great  deal  of  data  must  be  available  to  be  plotted  if  such  a  pre¬ 
diction  is  to  be  accurate,  k  graph  of  some  of  the  initial  data  obtained  is 
shown  in  Figure  1?  and  indicated  that  the  approximate  alloy  composition  to 
match  the  output  of  a  Pd-Pt  10%  Jr  thermocouple.  The  latter  figure  has  been 
included  to  illustrate  the  technique  only. 

All  the  preceding  melts  were  tested  in  the  form  of  swaged  rods  of  diameter 
0.162*  after  annealing  for  one  hour  at  either  l600®F  (871®C)  or  1750®^  (9i34®C). 

Two  niclcel-silicon  alloys  were  found  that  closely  matched  the  two  palladium 
systems  that  were  considered  and  the  remaining  time  was  spent  on  trying  to 
perfect  these  two  alloys  instead  of  continuing  the  more  general  investigation. 

Palladium-Platinum  ICSi  Iridium  Thermocouple 

In  the  preliminary  survey  of  commercial  alloys,  it  was  noticed  that  fully 
annealed  975^  nickel  -  yi  silicon  alloy  with  Nichrome  as  the  other  leg  provided  a 
close  match  to  the  Pd-Pt  1055  Ir  thermocouple.  The  greatest  deviation  between 
the  two  was  2.5S5  at  500®^*  By  increasing  the  amount  of  cold  work  in  the  alloy, 
the  maximuni  deviation  was  reduced  to  0.^%  (Fig*  18)  but  tests  showed  that  this 
gave  the  wire  poor  stability  at  high  temperatures  (Fig.  19). 

A  nickel -silicon  melt,  containing  3*^^  silicon,  which  had  been  cast  in  a 
sand  mold,  swaged  to  O.I62*,  then  annealed  for  one  hour  at  l600®F  (871®C)  was  a 
close  match  to  the  Pd-Pt  10^  Ir  thermocouple  except  at  the  lower  end  of  the  tem- 
peratui’e  range;  the  other  lead  wire  leg  was  Nichrome,  annealed  at  1630®F(1C00®C) 
farll/2  hour.  The  rod  was  then  drawn  down  to  wire  of  diameter  O.O36"  and  annealed 
as  before,  then  retested  giving  the  following  percentage  deviations  from  a  parti¬ 
cular  Pd-Pt  1055  Ir  calibration. 

Temperature  2S0^F  ^00^  F  7S0^F  1000<»F  12S0^F  ISOO^F 

35  Deviation  ^0.20  42.2  ♦0.30  40.41  40.10  -O.55 

It  should  be  noted  that  the  variability  of  the  thermoelements  themselves  can  be  as 
much  as  40.33/5.  The  above  results  were  obtained  by  measuring  the  output  of  both 
lead  wires  and  thermoelements  separately,  at  specified  temperatures.  The  lead 
wires  were  then  welded  to  the  thermoelements  and  the  systeim  as  a  whole  was  tested; 
the  hot  junction  being  Loaintained  at  l692®F  (922^0)  and  the  ambient  temperature 
varied  as  follows: 


Temperature  259®  F 

L7&>F 

947«>F 

1262®F 

llik<^F 

%  Deviation  40.86 

♦0.33 

40.23 

+C.25 

♦0.16 

♦C.04 

This  was  repeated  with  the 

hot  junction  at  996®F  with  the 

following  results: 

Ambient  Temp.  125®F 

2S8®F 

S2S»F 

7k2^F 

%  Deviation  ♦2.5 

♦2.8 

♦1.7 

♦1.4 
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PERCENT  DEVIATION 


MATCH  FOR  A 

PALLALIUV 

,  PIATIMUM  lOj^  - 
IRIDIUM 
SYSTEM 


ALL  DATA 


ALLOY/NICHROME 


PERCENT  MANGANESE 

FIGURE  17.  TRIANGULAR  DATA  PLOT  FOR  TERNARY  UEP^D  WIRE 

DEVELOPMENT 

(Each  curve  represents  a  constant  output  at  the  indicated  temperature) 
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FIGURE  18.  THE  EFFECT  OP  COLD 
WORKING  A  NICKEL  BASE  LEAD 
WIRE  ALLOY  (N1  3,00%  Si) 
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other  melts  were  made  up*  similar  in  eonqposition  to  the  above,  but  including 
very  small  amounts  of  manganese*  The  effect  of  adding  aluminum  was  also  investi¬ 
gated;  however,  no  closer  match  was  found  for  the  palladium,  platinum  10^  iridium 
thermocouple  during  this  investigation* 

Palladi\un«PlatiDum  1S%  Iridium  Thermocouple 

A  nickel-silicon  alloy  containing  4*3^  silicon,  when  paired  with  Nichrome, 
appeared  to  be  a  closa  match  to  the  Fd-Pt  Ir  thermocouple.  The  Nichrome  was 
annealed  at  1830^F  (lOOO^C)  for  1/2  hour  and  the  nickel-silicon  alloy  was  annealed 
at  1750®^  (954^0)  for  one  hour.  The  alloy  was  tested  first  as  a  rod  of  diameter 
0*162”,  then  drawn  down  to  wire  of  diameter  0.032*  and  reannealed  before  retesting* 
The  deviation  of  these  lead  wires  fjrom  a  particular  Pd-Pt  13^  Ir  calibration  was 
measured  by  butting  a  lead  wire  couple  against  the  noble  metal  couple  in  a  furnace 
at  known  temperature.  The  outputs  of  each  were  measured  by  two  potentiometers  and 
the  percentage  deviation  calculated,  giving  the  following  results. 

Temperature  26^F  li9<^F  780^F  lOlO^F  19l6^F  llLli2^F 

%  Deviation  -0.47  -0.71  ^0.36  ♦O.33  -O.39  -I.40 

These  are  average  values  obtained  from  tests  on  wires  drawn  from  two  ingots  from 
the  same  melt. 

Other  melts,  varying  slightly  in  composition  from  the  above,  were  made  up  and 
tested,  but  none  was  a  closer  fit  than  the  4*3^  nickel-silicon  alloy. 

The  non-variable  leg  of  the  lead  wire  does  not  have  to  be  Nichrome.  Two  other 
nickel  alloys  were  used  to  replace  the  Nichrome.  These  raised  the  output  of  the 
lead  wires  at  all  temperatures  (Fig.  20)  and  so  were  tested  against  lower  output 
nickel  alloys  made  up  in  the  Instrument  Department  Laboratory.  However,  no  uni- 
formly-close  match  was  discovered. 

Lead  Wire  Stability 


Stability  tests  of  materials  having  nearly  identical  composition  of  the  final 
lead  wires  were  made.  The  comparative  compositions  ere  as  follows t 


Lead  Wire 

Trade  Name 

C 

Ni 

^  Si  to 

Cb 

is. 

Test  Alloy 

53T 

0.3 

96.5 

3 

1 

Lead  Wii^e  Alloys 

— 

96.5 

3.4 

Test  Alloy 

242 

0.1 

77.9 

20 

1 

Lead  Wire  Allqy  I 

Nichrome 

57.6 

16.4 

1.5  0.08 

23.3 

Lead  Wire  Alloy  II 

Nichrome  V 

77.9 

19.0 

1.31  0.48 

0.34 

In  order  to  complete  the  testing  within  the  alloted 
was  undertaken  subjecting  the  materials  to  the  following 

time,  accelerated  testing 
cycle 1 
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FIOITRE  20.  EFFECT  OF  REPIACINO  THE  NICHROME  LEAD  WIRE  BY 

HICHROME  X  OR  242T  ALLOY 


WADC  TR-57-744 


31 


1.  Initial  atabllising  trentpBnt.  Anneal  la  air  for  24  hours  at  l832<9 
(lOOOoe). 

2.  Load  into  cold  furnace. 


3.  Purge  vlth  hjOrogen  and  Ignite. 

4.  Raise  teagperature  to  1832^  (1000%)  and  hold  for  24  hours. 

5.  Purge  with  nitrogen  vhlle  at  l832*?F  (1000°C). 

6.  Circulate  air  for  24  hours. 

7.  Slov  cool  to  3roaB  teaperature. 

After  a  576  hour  period,  the  lead  vlre  alloys  shoved  a  narked  change  in  out 
put  and  the  test  vas  stopped  vlth  the  following  tahxaated  resiilts. 

ID.  10DB8  it  Change  In  Indicated  Tteap.* 

0  0  (after  Initial  stabilization) 


48 

96 

144 

192 

240 

288 

336 

384 

432 

48o 

528 

576 


-0.21 


-0.02 

-0.03 


■*0.12 


+0.21 

+0.48 


+0.54 

+0.60 


+0.84 


+0.54 

+0.42 

-2.5 


*  Arsrage  of  ten  units 

Since  the  teqperature  to  which  these  units  were  subjected  are  much  hl^r 
than  the  specified  aiAlents  of  this  development,  the  recommended  lead  vires  were 
concluded  to  be  of  suitable  thermoelectric  stability  to  be  used  vlth  the  recom¬ 
mended  system  of  palladium-platinum  1^  Iridium. 
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Lead  Wire  Conclusions 


An  attempt  has  been  made  in  the  preceding  discussion  to  show  the  steps  of 
development  to  the  recommended  lead  wire  combination.  It  has  also  been  pointed 
out  that  several  areas  appear  to  be  fruitful  areas  of  extended  investigation  not 
only  from  the  standpoint  of  lead  wires,  but  Improved  output  from  base  metal  sys¬ 
tems.  It  may  be  worthy  to  also  point  out  that  all  of  the  prior  work  was  accom¬ 
plished  using  standard  foundry  techniques. 
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Section  IV  -  lasulatioa 


Inaulation  is  one  of  those  areas  which  required  a  vocy  careful  analysis  since 
it  has  been  thorou^^tly  investigated  by  others,  yet  contains  many  conflicts  as  to 
reported  results.  Sxtensive  work  in  this  phase  was  not  accoo^lished  by  this  labora¬ 
tory  since  another  component  of  the  General  Electric  Company  had  recently  completed 
a  thorou£ii  study  of  commercial  Insulation  parameters  (72).  An  extended  study  of 
those  materials  which  appear  applicable  to  this  development  was  completed,  however, 
and  these  are  discussed  in  more  detail  in  the  following  analysis. 

The  materials  considered  as  insulators  have  a  negative  teiqperature  coefficient 
and  their  resistivities  vary  with  temperature  according  to  the  formula. 


where  »  electrical  resistivity  in  ohm  -  cm. 


T  s  absolute  temperature 
A  and  Bs  constants  for  a  given  material 

Two  designs  of  thermocouples  were  considered.  For  the  standard  design,  in  an 
infinite  conductor  (  Figure  2l)  using  two  parallel  thermoelements,  the  resistance 
between  the  thermoelements  (Bar)  and  the  resistance  between  the  thermoelements  and 
the  sheath  given  by  the  following  formulae. 


where » 


■  electrical  resistivity  in  ohm  -  cm. 


1  a  probe  length  in  cm. 


S  s  distance  between  thermoelements  in  cm 


D2  =  inner  sheath  diameter 


s  thermoelement  diameter 

A  symmetrical  configuration  is  assumed  in  this  case.  (Figure  2l) 
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standard 


Concentric 


»  FIGURE  21  -  IHERMOCOUPLE  INSULATION  CONFIOURATIOBS 

It  can  also  be  shovn  that  for  conditions  of  maximum  interconductor  resistance, 
for  any  given  values  of  and  Dg. 

S®AB  . 

-  «  0 

Therefore  I 

S  «  0.1*86  D2 

With  this  condition  and  practicable  dimensions  for  the  variables, 

Rab  *  ^AC  “  5j3 

All  future  reported  calculations  are  for  resistance  between  thermoelements, 

Rab* 

For  the  concentric  design  thermocouple,  see  figure  (21),  the  governing  relations 
are  given  by: 

(  I  > 

®AC  ■  —  1  ) 

2TT1  c 

where:  a  >  diameter  of  inner  thermoelement  in  cm. 

b  ■  inner  diameter  of  outer  thermoelement  in  cm. 
c  «*  outer  diameter  of  outer  thermoelement  in  cm. 
d  s  inner  sheath  dleuneter  in  cm. 

The  contract  specifications  which  governed  the  study  of  insulations  were  as 
follows: 

1.  Insulation  Resistance  -  The  resistance  of  the  Insvilatlon  used  in  the 
thermocouple  system  shall  be  at  least  0.2^  megohms  under  all  engine 


3:> 
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operating  conditions.  Hie  insulation  resistance  of  any  subassenibly  of  the 
theraocouple  system  shall  not  fall  below  100,000  ohms  during  storage.  These 
requirements  shall  prevail  unless  the  deyelopemnt  is  able  to  prove  that  the 
resistance  of  the  insulation  selected  is  constant  at  some  lover  value 
throughout  the  operating  range. 

2.  Fuel  Contamination  -  The  thermocouple  shall  not  carbonize  vhen  subjected  to 
the  following  test.  Bight  thermocouples  shall  be  heated  to  a  temperature  of 
2000F  and  immersed  in  a  bath  of  JP-4  fuel  at  room  tesverature  and  alloued 
to  soak  for  10  minutes.  The  thermocouple  shall  be  placed  in  the  test  sec¬ 
tion  aft  of  a  ramjet  burner  for  one  hour  where  temperatures  shall  be  l600 
to  2300^.  This  cycle  shall  be  repeated  10  times  and  the  insulation  resis¬ 
tance  shall  not  fall  below  10,000  ohms.  , 

The  above  specification  deals  specifically  with  a  system  having  a  resistance  of 
at  least  0.25  megohms.  Since  a  system  may  consist  of  a  nunfber  of  coiqponents,  the 
concept  as  used  in  the  following  discussion  is  worthy  of  clarification.  A  system  as 
defined  herein  contains  several  paralleled  units  which  in  turn  provide  an  approxi¬ 
mate  arithmetical  average  of  the  individually  read  thermocouples.  Ideally,  one  re¬ 
presents  a  simple  thermocouple  harness  as: 


1-1  Ro  -  Ri 


IT 

If  one  now  considers  the  case  of  the  inter-element  resistance  (floating  ground 
system)  a  single  unit  as  considered  above  woiad  be  given  as: 
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In  this  case,  we  represent  that  portion  of  the  insulation  nearest  the  thermo¬ 
elements  as  a  resistiTe  path  and  asstime  it  to  represent  the  equiTalent  resistance 
between  the  thermoelements.  The  portion  nearest  the  thermoelements  was  chosen  be¬ 
cause  it  represents  the  lowest  equlTalent  value  since  it  is  at  the  maximum  temper a- 
tin:e.  In  this  case,  the  output  voltage  is  given  bys 

n 


1 

Ri  .R'i 


which  reduces  to  the  prior  case  when  H*i — In  any  respect,  this  points  up  that 
Ri  must  be  some  coiqparable  value  of  Ri  before  it  significantly  changes  the  output 
voltage. 

For  a  single  standard  design  thermocouple.  Figure  (21),  with  a  thermoelement 
diameter  of  O.050  inches  and  an  inner  sheath  diameter  of  0.23  inches,  the  calculated 
resistivity  must  have  a  value  of  3.4  x  10^  ohm  -  cm.  to  provide  an  insulation  resis¬ 
tance  of  0.23  megohms  (Figure  24)*  Figure  (22)  provides  some  resistivity  values  as 
found  by  a  literature  survey  and  G.£.  tests.  The  only  applicable  material  from  this 
figure  would  be  periclase  (crystalline  M^)  which  is  extremely  brittle  and  extremely 
difficult  to  fabricate. 


The  resistivity  of  a  refractory  is  affected  by  various  factors.  The  presence 
of  impurities  will  lower  the  resistivity  as  will  an  increase  in  the  porosity  which 
effects  the  amount  of  fuel  absorption  which  will  take  place.  A  non-hygroscopic, 
inorgeuiic  refractory  in  a  fused  state  is  necessary  to  lessen  or  eliminate  this 
effect  as  a  powdered  insulator  will  absorb  fuel  by  capillary  attraction.  Swaging 
will  also  decrease  the  porosity  of  an  oxide. 


Resistivity  is  also  affected  by  the  surrounding  atmosphere,  especially  at  high 
temperatures,  probably  due  to  a  chemical  change  in  the  surface  of  the  material. 

This  has  little  effect  on  a  thermocouple  enclosed  in  a  metallic  sheath  as  there  is 
little  exposed  surface  area. 

Factors  Affecting  Choice  of  Insulation 


1.  Resistivity 

The  formulas  of  the  preceding  discussion  show  that  the  magnitude  of  the 
resistance  of  the  insulation  is  primarily  dependent  on  the  value  of  the 
resistivity.  This  is  shown  graphically  in  Figures  23  and  24*  An  increase 
in  the  outer  diameter  of  the  insulation  has  little  effect  on  resistance 
after  an  optimum  value  has  been  reached  at  about  0.2”  to  0.3”.  A  de¬ 
crease  in  the  diameter  of  the  thermoelements  is  advantageous  as  regards 
resistance,  but  is  detrimental  structurally.  A  decrease  in  probe  length 
also  has  a  small  beneficial  effect. 

The  effectiveness  of  the  two  designs  considered  was  compared.  Figure  (23) 
shows  that  the  concentric  design  thermocouple  gives  a  higher  resistance 
than  the  standard  design  with  O.03*  diameter  thermoelements  for  any  prac- 
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PiaURB  22.  RESISTIVITY  VALUES  OBTAINED  PROM  LITERATURE  AND  BY  TEST 


TABLE  7*  REPRACTORY  DATA 


KEY  REPRACTORY  SOURCE  OP  DATA 

NO. 


1 

2 

3 

4 

i 

I 

9 

10 


11 


FUSED  INDUSTRIAL  HgO 
FUSED  MgO 

FUSED  MgO 


SWAOED  MgO 
ALUMINA  AL-1009 
ALUMINA  (CORUNDUM) 

SINTERED  ALUMINA 
ALUMINA 


L. J.  HOGUE:  PROPERTIES  OF  HIGH  TEMPERATURE 
INSULATION.  G.E.  REPORT  NO.  R56GL127 

M.  MARC  POEX:  CONDUCTIBILITIES  ELECTRIQUE  DE 
lA  GLUCINE  ET  DE  lA  MAGNESIE  AUX  TEMPERATURE 
ELEVEE3.  COMPT.  REND  214,665-666  (1942) 

E.M.  GOODWIN  AND  R.  D.  MAILEY|  ON  PHYSICAL 
PROPERTIES  OP  FUSED  MAGNESIUM  OXIDE 
PHYSICAL  REVIEW  23,  22,  (1906) 

TESTS  AT  WEST  LYNN 

WESTERN  GOLD  AND  PLATINUM  COMPANY 

R.J.  RUNCE:  HIGH  TEMPERATURE  TECHNOLOGY 

(EDITED  BY  I.E.  CAMPBELL)  P.58 

E.C.  HENRY:  HIGH  TEMPERATURE  TECHNOLOGY  P.457 

GARY  STEVENS:  HIGH  TEMPERATURE  TECHNOLOGY 

P.366 


SWAGED  ALUMINA 
PERICLASE 


BERYLLIUM  OXIDE 


TESTS  AT  WEST  LYNN 

E.Q.  ROCHOW;  ELECTRICAL  CONDUCTION  IN 
QUARTZ,  PERICLASE  AND  CORUNDUM  AT  LOW  FIELD 
STRENGTH  JOUR.  APPL.  PHY-  9,  10,  (1938) 

M.  MARC  POEX:  CONDUCTIBILITIES  ELECTRIQUE  DE 
LA  GLUCINE  ET  DE  LA  MAGNESIE  AUX  TEMPERATURE 
ELEVSES.  COMP.  REND  214,665-666  (1942) 
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FIGURE  23.  INSULATION  RESISTANCE  BETWEEN  THERMOELEMENTS  VS.  DIMENSIONS  AT  VARIOUS 

RESISTIVITY  VALUES 
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FIOURE  24.  RESISTIVITY  VERSUS  DIMENSIONS  AT  VARIOUS  THERMOELEMENT  DIABIETERS 


o 

’  • 

•H 


t - 

H  lA 


- -§ - 

CM  H  m 


CM 


*  MO-MHO  HI  lAIAUHISHH 


in 


WADC  TR-57-7^^ 


FIGURE  25.  BSSISTIVIT7  VERSUS  OUTER  IHSULATIOM  DIAMETER  FOR  YARI0U5  SYSTEMS 


tlcable  outer  dimension,  but  is  superior  to  the  standard  design  using 
0«02*  diameter  wire  only  up  to  an  outer  diameter  of  0.22”«  For  the  con¬ 
centric  design  the  diameter  of  the  inner  thermoelement  and  the  wall  thick¬ 
ness  of  the  outer  thermoelement  have  been  taken  as  0*005  inches* 

2*  Mechanical  Strength 

The  insulation  must  offer  support  to  the  thermoelements*  A.  fused  or  solid 
body  with  loy  porosity  will  do  this  better  than  an  insulator  in  a  powdered 
form  but  swaging  will  increase  this  Strength  in  the  latter  case. 

3*  Resistance  to  thermal  Shock 

To  resist  thermal  shock,  the  coefficient  of  expansion  of  the  material  must 
be  low*  A  porous  body  will  withstand  the  shock  better  than  a  fused  one* 

4.  Yilga^iQBal  Stegy, 

A  solid  refractory  will  tend  to  break  up  under  vibrational  stre£is  while  a 
powdered  oxide  will  maintain  its  form*  A  swaged  construction  is  therefore 
superior  to  a  fused  ceramic* 

5*  Expansion 

For  the  concentric  design  thermocouple,  it  is  in^ortant  that  the  coeffi¬ 
cient  of  expansion  of  the  thermoelements  be  close  to  that  the  insula¬ 
tion  or  one  will  pull  away  from  the  other  at  high  temperatures*  This  is 
of  less  importance  in  the  standard  design  thermocouple* 

6.  Chemical  Compatibility 

There  must  be  chemical  compatibility  between  the  thermoelements  and  the 
insulation  and  no  ab^^asion  must  be  caused  between  them* 

7«  Finally,  the  refractory  selected  must  allow  ease  of  fabrication  at  low 
cost* 

As  no  readily  fabricated  material  was  found  to  possess  sufficient  resistivity 
in  the  early  analysis,  a  program  was  initiated  to  investigate  the  requirements  of 
an  operable  system.  A  balanced  circuit  was  set  up,  containing  an  uninsulated 
chromel-alumel  thermocouple  with  a  decade  resistance  box  across  the  junction  to 
simulate  Insulation  resistance.  A  K2  potentiometer  was  used  to  measure  the  emf 
output*  The  hot  junction  of  the  thermocouple  was  maintained  at  a  constant  tem¬ 
perature  in  a  controlled  furnace,  while  the  cold  junction  was  at  room  temperaturer 
The  output  fcr  infinite  resistance  was  recorded,  then  resistance  values  were  varied 
from  250,000  ohms  to  20  ohms  and  the  error  introduced  by  leakage 
through  the  insulation  was  calculated  in  each  case.  This  was  repeated  with  a 
ohm  resistance  to  simulate  a  temperature-indicating  instrument  included  in  the 
cicuit.  The  results  are  shown  in  Figure  (26).  It  was  evident  that  no  appreciable 
error  was  introduced  until  the  resistance  fell  below  10,000  ohms  and  an  error  of 
±0*556  was  introduced  only  when  the  insulation  resistance  dropped  to  about  1000 
ohms. 
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RESISTANCE  IN  OHMS 


107 


■  OPEN  CIRCUIT 


SIMULATED  INDICATOR  LOAD 


MEASUREMENT  TEMPERATURE  »  2012^?  (1100<^C) 


2D. 


-± 


~l 


T7CF 


PERCENT  ERROR 


30 


FIOURE  26.  ERROR  IN  THERMOCOUPLE  OUTPUT  AS  MEASURED 
B7  SIMULATED  RESISTANCE  DECREASE 
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TiMtlBg  of  B»ff«ctorles 


VMts  iMX*  aada  at  Vest  Lynn  to  eoavoM  the  reslstlTlties  of  a  aariber  of 
arailifble  refractories.  Samples  eere  aade  qp  la  stainless  steel  sheaths;  sow  eoa- 
talalas  parallel  and  sow  eoneeatrlc  thexwelewnts .  In  each  ease,  a  short  sample 
aas  saspeadsd  hy  Its  leads  heslde  a  ehrowl-altiwl  therweoople  In  a  fnmaee.  A 
prerlons  furnace  surrey  had  shown  that  the  area  sarrouidlng  the  sample  would  he  at 
eoastaat  tevperatare.  Ihls  teaperatare  was  read  oa  a  therweonple  potentlowter 
and  the  reslstaaee  between  the  thexwelewnts  and  later  between  the  thexwelewnts 
sheath  was  wasaxed.  The  relation  between  resistance  and  teaperatare  was  plot¬ 
ted  la  each  ease. 

Sables  of  wgneslaa  oxide  and  alaalaa,  both  In  a  swaged  constmctlon,  were 
tested  In  the  standard  parallel -wire  fora.  The  aagneslui  oxide,  being  hygroscopic, 
had  to  be  thoroughly  dried  out  before  testing.  Sylualna,  a  fused  hl^  purity 
aluBlaa,  and  MgO  cosihlned  with  glass  and  with  boron  nitride  were  also  tested  In  this 
foxa. 


Perlclase,  flagle  crystal  aagaeslua  oxide,  was  crushed  under  hlid^-purlty  condi¬ 
tions  and  Its  reslstlTlty  coapared  with  that  of  powdered  MgO.  Both  were  tested  in 
swaged  eoneeatrlc  constructions  of  approxlwtely  the  saw  dimensions.  Alumina  was 
also  tested  as  a  concentric  saapls  but  of  aueh  saaller  dimensions. 

Results  of  these  tests  are  shown  In  Figures  27  and  26.  ReslstlTlty  decxwases 
rapidly,  but  not  unlfoxaly,  with  rise  In  teaperature.  For  wst  saiqples  tested, 
the  rate  of  decrease  In  reslstlTlty  lessens  at  higher  teaperature s.  Of  all  refracj;- 
torlas  tasted,  alumina  has  the  h^****"*  .oxer  the  range  considered. 

thoui^  powdered  perlclase  has  a  higher  reslstlTlty  than  magnesium  oxide  at  tuipera- 
tures  below  8$0°C,  It  decreases  rapidly  In  walue  at  hl^er  teaperatures . 

Refractories 


The  general  cooments  on  the  oxides  which  were  considered  for  use  as  insulation 
can  be  suwarlsed  as  follows: 

Magnesium  Oxide 

Powdered  magnesium  oxide  Is  popular  as  a  thermocouple  insulator.  It  has  a 
wltlng  point  of  5^2^  (2800^0),  can  be  used  in  a  reducing  atmosphere  up  to  tem¬ 
peratures  of  3092^  (1700*^0)  and,  in  an  oxidising  atmosphere,  up  to  (2400^0) . 

It  is  stable  in  contact  with  carbon  up  to  3272^  (1800*^0) . 

The  Talues  reported  for  Its  electrical  reslstlTlty  Tary  considerably.  The 
highest  Talue  reported  is  2. 3  x  10*^  ohm  -  cm  at  l632°F  (lOOO'^)  for  fused  MgO,  while 
Vest  Lynn  tests  of  a  swaged  sasple  glTe  a  Talue  of  4.2  x  10^  Ohm  -  cm  at  this  tem¬ 
perature.  Other  data  is  shown  in  Figure  29 • 

Hie  wchanical  strength  and  thermal  shock  resistance  properties  of  MgO  are  suf¬ 
ficient,  thou^  not  as  good  as  those  of  alumina.  Also,  MgO  is  hygroscopic,  and  this 
decreases  its  roslstlTlty  and  increases  fuel  absorption.  HoweTer,  it  is  easy  to 
fabricate  and  the  present  swaging  method  used  by  the  General  Electric  Company  com¬ 
pacts  the  oxide  and  thus  decreases  porosity,  fuel  absorption.  Increases  electrical 
reslstlTlty  and  mechanical  strength. 
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FIOTRE  27.  RESISTANCE  AS  A  FUNCTION  OF  TEMPERATURE  FOR  VARIOUS 

MATERIALS 
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Magnesium  oxide  has  been  combined  with  both  glass  and  boron  nitride  to  test 
the  effect  of  these  addatives  on  the  resistivity.  The  results  for  MgO  ♦  glass  were 
comparable  with  those  of  MgO  alone  but  when  boron  nitride  was  combined  with  MgO 
the  resistivity  dropped  more  rapidly  with  increased  temperature. 

Perlclase 


Magnesiuiu  oxide  appears  in  nature  as  the  mineral  periclase*  It  is  formed  by 
driving  carbon  dioxide  from  magnesite  at  temperatures  between  752  and  l652®F  (400® 
and  Its  reported  electrical  resistivity,  in  its  natural  crystalline  state 

is  1.79  X  lo7  ohm-cm  at  2012®F  (llOO^C)  and  2.5O  x  10®  ohm-cm  at  2352®F  (1400^0). 

This  is  higher  than  any  other  known  refractory  (Figure  22).  However,  in  this  cry¬ 
stalline  form*  periclase  is  very  difficult  and  expensive  to  fabricate  and  entails 
the  use  of  ultrasonic  drilling.  Although  its  mechanical  strength  is  good*  it  is 
unlikely  that  it  would  survive  a  vibration  test  in  this  form* 

Periclase  was  crushed  to  powder  form  and  tested  in  a  swaged  construction 
but  the  results  indicate  that  this  destroys  the  high  resistivity  properties. 

Aluminum  Oxide  (Alumina) 

Aluminum  oxide  has  a  higher  electrical  resistivity  than  magnesium  oxide*  but 
once  again,  reported  values  vary  with  degree  of  purity  and  the  form  in  which  the 
alumina  was  tested.  The  swaged  sample  tested  at  West  Lynn  showed  a  resistivity  of 
1.12  X  107  ohm-cm  at  1832®F  (lOOO^C),  and  4.I9  x  10®  ohm-cm  at  2012®F  (llOO^C).  A 
reported  alumina,  sintered  at  3272®F  (ISOO^C)*  although  indicating  a  lower  resis¬ 
tivity  value  at  1832®F  (1000®C,  decreases  in  value  less  rapidly  with  increasing 
tender ature  than  the  West  Lynn  sample  and  still  has  a  resistivity  of  4  z  105  ohm- 
cm  at  2552®F  (I400OC). 

Alumina  has  a  melting  point  of  3969®F  (2015®C)  and  is  stable  in  reducing  or 
oxidizing  atmospheres  up  to  3542®F  (1950®C).  It  is  one  of  the  strongest  refractories 
mechanically,  certainly  superior  to  magnesium  oxide  in  this  respect  and  in  thermal 
shock  resistance.  It  is  mere  stable  with  most  metals  than  but  less  stable  when 
in  contact  with  carbon  at  high  temperatures.  Water  absorption  by  alumina  is  negli¬ 
gible  and  fabrication  should  present  no  difficulties. 

Beryllium  Oxide  (Bervllia) 

This  refractory  has  an  electrical  resistivity  of  8  x  lO^  ohm-cm  at  1832®F 
(lOOO^C)  and  2.5  x  lo5  ohm^^cm  at  2552®F  (1400®C).  This  is  considerably  higher  than 
both  MgO  and  alumina  at  these  temperatures*  but  as  beryllium  oxide  it  is  hi^d^y 
toxic  and  is  dangerous  to  work  with  unless  ppecial  precautions  are  taken.  This 
increases  difficulty  and  expense  of  fabrication. 

The  melting  point  of  beryllia  is  1^6229F  (2550^0)*  and  it  is  chemically  inert  at 
high  temperatures.  It  has  a  high  resistance  to  reduction  and  is  thermally  very  sta¬ 
ble.  At  high  temperatures*  it  has  great  mechanical  strength  though  it  is  weak  at 
low  teix9)eratures.  Beryllia  is  volatilized  bjr  water  vapor  at  temperatures  above  3000®F 
(1650^0).  A  refractory  grade  (99*35^  pure)  is  available  commercially. 
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Conclusions 


It  was  determined  that  thermoelements  of  small  diameter  would  require  insul¬ 
ation  of  a  lower  resistivity  for  any  given  probe  size  than  would  thicker  wires.  The 
smallest  diameter  feasible  for  the  standard  design  with  parallel  thermoelement  was 
0«02”.  At  outer  diameters  greater  than  0.22*  the  standard  design  was  more  efficient 
than  the  concentric  whose  tube  O.D.  was  this  size.  Sheath  material  would  add  to  the 
size  in  both  cases,  but  more  sc  in  the  case  of  the  concentric  as  further  insulation 
would  be  required  between  it  and  the  tube.  It  was  determined,  that  a  parallel  wire 
thermocouple  of  maximum  feasible  outer  diameter,  containing  thermoelements  of  minimum 
feasible  diameter  would  best  meet  specifications.  A  minimum  feasible  length  should 
also  be  maintained. 

For  a  probe  of  this  design,  aluminum  oxide  was  selected  as  the  most  suitable 
type  of  insulation.  It  has  the  hlgb^t  resistivity  after  periclase  and  boron 
nitride,  which  are  not  recommended  for  reasons  already  stated.  Alumina  also  has 
suitable  physical  and  chemical  properties  over  the  range  of  temperature  required. 
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Section  7  •  Sheath  Material 


The  sheath  material  dictated  that  an  analysis  similar  to  that  in  the  general 
introduction  he  made.  This  assumed  that  the  sheath  material  would  be  subjected  to 
peak  teizperatures  •  The  recommendation  of  a  noble  metal  sheath  material  seemed 
impractical  so  that  a  detailed  analysis  of  the  problem  was  needed. 

The  specifications  applicable  to  the  sheath  boater ial  were  as  follows t 

1.  Steady  state  range  =  O.to  2300®F 

2.  Maximum  transient  range  s  up  to  2300^F 

3»  Gas  flow  rate  -  The  thermocouple  system  shall  be  capable  of  measuring  the 
texnperature  of  gases  whose  relocities  vary  from  0  to  Mach.  0.8. 

4*  The  system  shall  not  require  special  cooling  provisions. 

3*  Prospective  materials  shall  be  studied  in  view  of  structural  strength 
at  high  tenqperatinres  and  their  adaptability  to  the  various  thermocouple 
fabrication  processes  that  may  be  employed. 

6.  The  various  materials  studied  shall  be  described  and  notations  included 
regarding  iheir  applicability  to  the  problem. 

7*  In  studying  and  determining  the  final  assembly  and  composition  of  the 
thermocouple,  prime  consideration  shall  be  given  to  the  probability  of 
mechanical  failure  within  the  limits  of  engine  operation  and  prevalent 
temperatures.  The  development  can  not  be  considered  successful  unless 
the  thermocouple  is  designed  to  be  extremely  reliable  when  used  for 
measuring  turbine  inlet  tenperatures. 

An  analysis  of  the  pre-turbine  application  and  more  specifically  the  definition 
of  the  environment  of  a  probe  was  undertaken.  It  was  reasonable  to  assume  that  at 
the  operational  temperatures,  gradients  of  200  to  l^OOPF  (93  204®C)  existed  in 

a  combustion  chamber.  It  was  also  kno%m  that  a  clear  definition  of  the  temperature 
and  velocity  gradients  at  any  time  was  impossible  because  of  their  dependence  on 
flow  conditioils  from  the  compressor.  Pulsation,  surging  or  shock  ft:om  the  conpressor 
delivery  radically  altered  the  conditions  at  any  time. 

In  an  effort  to  define  the  existing  conditions.  Figure  30  shows  a  temperature 
and  velocity  contour  at  a  se^nental  entry  to  a  turbine  under  specific  conditions 
(83).  From  this  figure,  it  was  determined  that  a  thermocouple  tip  in  a  pre-turbine 
application  may  see  temperatures  of  the  order  I8OO  to  2300®F  (982  to  1260®C),  how¬ 
ever,  the  sheath  material  would  possibly  be  subjected  to  a  maximum  of  I600  to  2100^F 
(879  to  1149^C)  at  its  very  end.  The  rest  of  the  sheath  material  would  be  subjected 
to  temperatures  which  depend  on  the  inside  tenperature  contour  and  the  ambient  tem¬ 
perature  out$ide  the  combustion  chamber.  Under  these  conditions,  a  base-metal 
which  was  operational  to  a  maximum  temperature  of  1149®^  (2100®F)  was  needfed. 

VThen  considering  any  high  temperature  application,  the  oxidation  characteristics 
of  a  material  were  first  considered,  and  its  mechanical  properties  second.  Con¬ 
sideration  of  mechanical  properties  as  a  prerequisite  was  useless  if  the  material 
deteriorated  through  oxidation. 
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TEMPERATDRE 


VELOCITY  FT  ./sec  . 


FIGURE  30.  TEMPERATURE  AND  VELOCITY  CONTOUR  AT  THE  SEGMENTAL 

ENTRY  TO  A  TURBINE 


PERCENTAGE  OF  ORIGINAL  SAMPLE  THICKNESS  REMAINING**  AT  TEMPERATURE 


ALLOY 

ISOO^F 

1900°P 

2000®F 

2100°P 

2200®P 

2400®P 

WROUGHT  Nl.  BASE 

65 

67 

INCONEL 

90 

92 

95 

70 

INCONEL  W 

- 

-> 

95 

87 

92 

92 

INCONEL  Z 

80 

§5 

85 

82 

82 

INCONEL  700 

- 

85 

85 

50 

15 

COMP. OX 

INCONEL  702 

- 

- 

97 

92 

85 

90 

HASTELLOY  B 

97 

87 

65 

60 

55 

HASTELLOY  R 

- 

70 

35 

- 

- 

HASTELLOY  X 

100 

97 

95 

92 

90 

- 

H-232 

95 

97 

97 

98 

92 

- 

WROUQHT^n  BASE 

97 

80 

65 

H-155 

- 

97 

COMP. OX. 

310  SS 

- 

90 

§0 

40 

70 

50 

50 

321  SS 

95 

82 

COMP. ox. 

INCOLOY  T 

100 

82 

87 

55 

- 

WROUGHT  CQ.  BASE 

L-605 

-> 

q6 

95 

COMP.  OX. 

t-1570 

§7 

07 

87 

70 

- 

- 

V-36 

87 

F 

70 

COMP. OX. 

S-816 

97 

87 

rr 

COMP. OX. 

CAST  COBALT  BASE 

HE-1049 

100 

100 

100 

COMP. OX. 

X-40 

95 

92 

92 

47 

- 

- 

TABIE  8.  OXIDATION  RESISTANCE  OF  IRON,  NICKEL  AND  COBALT  BASE  ALLOYS* 
•100  HOURS  IN  SLOW  MOVING  AIR  **ORIGINAL  SAMPLE  THICKNESSiO.OSD" 
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During  this  phase  of  the  deTelopment,  attention  was  given  to  three  classes  of 
materials,  iron,  nickel,  and  cobalt  base  alloys*  Table  6  was  prepared  to  show  the 
comparative  oxidation  resistance  of  these  three  classes  of  materials.  IVoid  this 
table  considering  the  maximum  indicated  table  temperature  of  1316^0,  four  wrought 
nickel  base  alloys  appear  to  be  the  best,  these  are  Inconel  W.  Inconel  702,  In¬ 
conel  X,  and  Inconel  in  the  order  of  their  desirability. 

For  consideration  of  the  intergranular  oxidation.  Table  9  vas  prepared  for 
those  materials  shorn  in  Table  8.  Considering  only  those  materials  exhibiting 
superior  oxidation  characteristics,  intergranular  oxidation  reduced  the  materials 
recommended  for  consideration  to  Inconel  or  Inconel  702,  and  of  these  two.  Inconel 
702  is  the  least  oxidizable. 

When  it  was  assumed  that  the  maximum  temperature  the  sheath  tip  was  at  1149^0 
(2100®F)  because  of  canbustion  chamber  temperature  gradients,  from  Table  8  in  the 
order  of  their  oxidation  characteristics,  the  possible  choices  were  M-252,  L-605# 
Inconel  702,  Hastelloy  X,  Inconel  W,  Incoloy  T,  Inconel  X,  J  1570#  3^0SS,  A-286, 
Inconel,  and  Hastelloy  B.  Reconsidering  the  possibility  of  intergranular  attack 
and  assuming  that  no  attack  was  desired  for  reliability,  this  list  of  materials 
reduced  to  Inconel  702,  Hastelloy  X,  and  Inconel.  The  first  choice  would  again 
be  Inconel  702,  however,  the  other  two  materials  were  considered  for  further  appli¬ 
cation  to  the  problem. 


A  variety  of  mechanical  properties  were  possible  with  the  latter  three  alloys 
whose  compositions  are: 


Alloy 

C  Ni 

No 

Co  Mu 

Si 

Ti 

is. 

Inconel  702 

.02  79.7 

15.8 

.11 

.09 

.45 

3.73 

.04 

Inconel 

.05  77.5 

14.5 

6.50 

Hastelloy  X 

.10  Bal. 

21.88 

9.03 

1.01  .50 

.kB 

•43 

18.86 

The  alloy  Inconel  702  is  hardened  by  what  is  probably  a  nickel-aluminum- titanium 
compoxmd  precipitate.  Inconel  and  Hastelloy  X  exhibit  solution  and  work  hardening. 
For  high  temperature  service  applications  at  I8OO  -  2000®F,  only  solution  hardening 
can  be  depended  upon  for  strengthening  due  to  stress-relieving,  averaging,  and  re- 
solutioning  effects  making  Inconel  702  peculiar  in  this  case. 


An  analysis  of  the  strength  properties  of  these  alloys  was  then  considered 
The  comparison  of  the  load  carrying  capabilities,  assuming  the  arbitrary  maximum 
temperature  lindtation  for  each  alloy  based  on  an  assumed  stress  of  10,000  psi  for 
10  hours  were  found  to  be  as  follows* 

Max. Service  Temp  ®F 

Alloy  Mechanism  of  Strengthening  lO.OOQpsi.  10  hours 

Inconel  702  Precipitation  hardening  I650 


Inconel 


Solution  and  work  hardening 


1450 


Hastelloy  X 


Solution  and  work  hardening 


1650 
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1ABE2  9*  INTBRaRANUIAR  OXIDATION  OP  IRON,  NICKEL,  AND  COBALT  BASE 

ALLOTS 


PERCENT 

OF  ORIGINAL  THICKNESS  EXHIBITING  INTER- 

ALLOY 

ORANULAR  ATTACK 
1800®P  1900°P 

2000®P 

2100®F 

2200°P 

2400®F 

Vrongbt 

Nicksl  Base 

Inconel 

0 

0 

0 

0 

0 

0 

Inconel  V 

- 

- 

- 

40 

30 

40 

Inconel  Z 

10 

25 

35 

40 

30 

40 

Inconel  700 

- 

0 

20 

20 

15 

- 

Inconel  702 

- 

- 

0 

0 

0 

0 

Bastelloy  B 

0 

5 

15 

23 

30 

- 

Bastelloy  R 

- 

- 

0 

0 

- 

- 

Bastelloy  X 

0 

0 

0 

0 

0 

- 

N-232 

15 

43 

95 

100 

— 

— 

W3*oi]ght 

Iron  Base 

A-286 

• 

30 

50 

50 

- 

- 

H-155 

- 

8 

10 

Conp . Ox . 

310SS 

- 

5 

5 

10 

10 

13 

321SS 

0 

5 

25 

Coop. Ox. 

Incoloy  T 

- 

35 

32.5 

40 

40 

— 

Wroxight 

Cobalt  Base 

L-605 

• 

- 

8 

40 

CoBq>.0K 

J-1570 

28 

28 

28 

30 

- 

- 

▼-36 

0 

0 

0 

Cooqp.Ox. 

S-816 

0 

0 

0 

TotalQx. 

Cast 

Cobalt  Base 


HE-1049 

15 

23 

30 

Total  Ox. 

X-40 

10 

10 

10 

30 
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The  hi£h  oxidation  resistance  of  these  alloys  permits  their  use  at  low  stress 
levels  (2000  -  3OOO  psi)  up  to  2000®F  and  in  the  case  of  Inconel  702,  up  to  2200®F. 
For  very  short  periods  of  time,  these  temperatures  can  be  raised  an  additional  200®F, 

Having;  chosen  the  materials  which  were  most  probable  for  application  to  this 
development,  confirmation  testing  was  undertaken.  Figures  3I  and  32  illustrate 
the  comparative  surface  effect  of  an  oxidizing  atmosphere  on  the  three  materials 
(77).  Figure  33  illustrates  a  series  of  photomicrographs  of  Inconel  702,  made  at 
a  higher  operational  temperature.  These  show  that  even  at  2450®^  (1543®C)  serious 
intergranular  attack  does  not  occur  until  after  approximately  96  hours.  These 
tests  served  to  confirm  the  prior  deductions  of  good  high  temperature  oxidation 
resistan  ce. 

The  preceding  analysis  provided  materials  of  relatively  low  strength  at 
elevated  temperatures.  Attention  was  then  turned  to  the  possible  factors  which 
may  allow  these  materials  to  be  applicable  in  this  development.  One  approach 
was  to  idealize  a  condition  in  order  to  obtain  a  relative  magnitude  of  the  actual 
strength  requirements. 

Assuming  these  ideal  conditions,  consideration  was  given  to  a  flat  surface  in  a 
gas  stream.  This  would  be  the  case  of  maximum  requirements.  Structure-borne  exci¬ 
tation  was  not  considered  initially  and  the  assumptions  were: 

1.  Air  was  the  force  producing  medium. 

2.  The  probe  had  a  flat  front  surface  for  purposes  of  estimating  a  mAYimum 
force. 

3 4.  Air  impinges  on  the  flat  surface  and  none  rebounds. 

4«  Velocity  undergoes  a  constant  deceleration. 

Lettings 

M  =  Mass  of  the  air 
Density  of  the  Air 

A  s  Incremental  cross-section 

X  s  Incremental  length 

V  =  Velocity  of  the  air 

V  =  Average  velocity  of  the  air  =  vi  -  Vq 

th.  usual  analysis  prorides  the  force  relation 

F  =  A7  -a  7 

By  substitution  of  the  conditions  specified  by  this  contract,  it  was  found  that 
a  force  of  I3  pounds  would  be  distributed  along  a  surface  3  inches  z  1  inch. 
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INCONEL  702-2000°F  -  100  HOUR  EXPOSURE 


INCONEL  702-2400°F  -  100  HOUR  EXPOSURE 


INCONEL  -  2100°F  -  100  HOUR  EXPOSURE 


INCONEL  -  2400°F  -  100  HOUR  EXPOSURE 
Note  that  the  Inconel  Surface  is  roughened  considerably 

Mag.  lOOX 

Figure  31  -  Surface  Oxidation  of  Inconel  and  Inconel  702 
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INCONEL  X-1800“f  -  100  HOUR  EXPOSURE  (Note  Intergranular  attack  starts) 


INCONEL  X  -  2400°F  -  100  HOUR  EXPOSURE 


Mag.  lOOX 
(Unetched) 

FIGURE  32  SURFACE  OXIDATION  OF  INCONEL  X 
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24  Hours  96  Hours 

FIGURE  33  -INCONEL  702  PHOTOMICROGRAPHS 
(Combustion  Test  @  2450  -25®F) 
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Th*  same  farce  can  be. obtained  by  using  a  reported  relation  (84)* 

2 


In  this  relation,  a  drag  coefficient,  Cj).  of  unity  .was  used  for  a  Mach  0.8  gas 
flow  rate.  IVirtber  modificatlona  of  the  first  fquation  considered  to  include  den- 
ai'^  changes  due  to  pressure  and  temperature  provided  a  new  force  expression  which 
is  given  aa  -  ^  r 

y  s  3»9.5px  ICP 

1  ♦  O.OO367T 


^en  the  contract  specifications  are  used. 


where t  p  s  pressure  in  psi 
y  s  ycroe  in  dynes 
T  s  temperature  id 

A  family  of  curves  were  plotted  (Figure  34)  of  the  force  (F)  as  related  to  the 
tenqperature  (T)  and  at  various  values  of  pressure  (p).  The  curves  obtained  show 
that  a  large  amount  of  variability  with  pressure  exists  at  lower  temperatures;  how¬ 
ever,  at  temperatures  above  1832*F  (lOOO^C)  the  separation  becomes  less.  At  the  low 
temperatures  the  probe  will  not  be  exposed  to  the  hi^  pressures  encountered  at  the 
operational  temperature.  It  was  deduced  that  the  probe  force  would  be  more  or  less 
operating  at  a  scmehhat  constant  force  value  most  probably  under  30  pounds. 

Conparing  the  farce  on  various  shapes  of  the  same  projected  area,  when  viewed 
on  a  screen  perpendicular  to  the  air  stream,  it  was  found  that  for  a  force/drag  of 
one  pound  on  a  flat  surface,  pointing  the  upstream  surface  reduced  the  force/drag 
to  0.2  pounds.  Altering  the  model  shape  to  an  air  foil,  reduces  the  force/ drag  to 
0.02  pounds  (85).  The  prior  50  pound  probe  force/drag  was  then  modified  to  one 
pound  by  designing  a  probe  of  the  shape  of  an  air  foil. 

Arom  the  usual  stress  calculations,  it  was  found  that  a  282  psi  shear  stress 
existed  for  a  rod  and  I78  psi  for  the  air-foil. 

The  present  G.£.  system  incorporates  a  321  stainless  steel  sheath  and  is 
operated  at  a  maximum  tenperature  of  l600®F  (871^0)  with  ambients  to  700  to  800®F 
(371  to  427®C).  Figure  35  shows  comparative  mechanical  properties  of  Inconel  702, 
Inconel  and  32ISS.  Inconel  is  Included  because  it  is  receiving  limited  use  on 
present  day  systems.  In  all  cases.  Inconel  702  exhibited  superior  mechanical 
strength  at  lower  tenperatiires,  however,  at  the  elevated  temperatures,  the  relative 
differences  disappear. 

Although  the  problem  of  mechanical  testing  at  temperatures  higher  than  2000®F 
(1093®C)  has  nmny  problems.  West  Lynn  did  xmdertedce  a  conparative  short  time  axial 
loading  test  at  elevated  tenperatures  with  the  hopes  of  obtaining  ccxoparative  in¬ 
formation  at  very  high  tenperatures.  Since  other  parameters  could  also  contribute 
to  the  measurement,  the  experimental  validity  of  these  tests  was  dobbtful. 
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FORCE  ON  PROBE  (IN  POUNDS) 


PIOURE  34.  PROBE  FORCE  AS  A  FUNCTIOH  OF  TEMPERATURE  AND  PRESSURE 
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TENSIUB  ELONOATION>$^  STRESS- P.S.l.XlO' 3 


FZOQRB  33*  CQHPARATIVE  NECHAHICAL  PROPERTIES  OF  INCONEL, 

INCONEL  702  AND  SS321 

60 
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In  figure  36  the  arrangement  of  the  test  apparatus  for  the  high  temperature 
axial  loading  test  is  illustrated.  Testing  of  the  sample  was  started  when  the 
furnace  attained  a  relatively  stable  predetermined  value.  The  test  provided  the 
results  of  table  10.  Although  these  data  were  extremely  difficult  to  obtain  end 
interpret*  the  indication  in  each  case  was  that  in  the  low  stress  regions*  Inconel 
702  is  superior  to  the  present  design  whether  it  is  the  basic  sheath  materials  or  in 
a  composite  prototype.  In  the  extremely  low  stress  regions.  Inconel  702  appears  to 
be  better  by  one  order  of  magnitude  when  compared  to  SS32I. 

The  problem  had  been  investigated  and  based  on  all  the  tests  and  didcussion 
above.  The  most  probably  sheath  material  for  recommendation  was  Inconel  702* 

Cermets  &  Alloys 

Figure  37  illustrates  the  results  of  two  hours  in  combustion  for  some  high 
teo^erature  alloys  and  cermets  discussed  in  the  introduction  of  this  section.  The 
cermets  were  not  completely  oxidized  so  that  an  axial  strength  test  was  made  and 
accounts  for  the  breakage  shown  in  the  figures.  It  was  found  that  this  aggre¬ 
gates  of  metal  and  ceramic  possess  no  measurable  ductility.  Further  testing  was 
then  limited  to  more  detailed  confirmation  studies  and  new  materials  which  were 
supplied  by  various  vendors  familiar  with  the  problem  of  this  development. 

Kennametal  materials  were  obtained  as  shown  in  the  as  received  condition  in 
figure  38.  These  were  combustion  tested  at  2450^^  (1343^^)  with  the  results 
shown  in  figure  39.  Both  cermets  exhibited  unstable  dimensional  characteristics 
and  spalling  of  oxide  coatings  which  were  formed  during  combustion.  Aside  from 
the  dimensional  instability  and  spalling,  these  materials  did  not  fracture 
during  three  thermal  shock  cycles.  They  did,  however,  exhibit  cracking  deep 
into  the  sample  body  at  the  third  cycle  which  was  ccnsidered  a  failure. 

In  figure  40,  there  are  illustrated  the  results  of  additional  tests  of  the 
Haynes  Stellite  Company  LT-1  cermet  (7752  chromium  and  23^  aluminum  oxide  by  weight). 
This  material  exhibited  dimensional  instability  and  mild  creep  characteristics  early 
in  the  test  cycle  (after  25  hours  2450®F)  (1343®C).  It  can  also  be  observed  in 
figure  C  that  cracking  of  the  body  occurred.  Sample  B  survived  three  thermal  shock 
cycles  after  75  hours  of  combustion  while  sample  C  fractured  after  four  cycles  and 
125  hours  of  combustion. 

Several  new  materials  were  provided  as  experimental  samples  by  the  Haynes  Stel¬ 
lite  Company.  One  of  these  was  a  cermet  designated  LT-IB  (60%  chromium,  20%  molyb¬ 
denum  and  2052  alurriinum  oxide).  This  material  exhibited  characteristics  similar  to 
those  discussed  above,  however,  it  only  survived  two  thermal  shock  cycles  with  the 
results  shown  in  figure  41«  Another  material  provided  by  the  Haynes  Stellite  Co. 
was  designated  at  LT-2  (6o%  tungsten,  25%  chromium  and  15%  aluminum  oxide).  This 
cermet  exhibited  destructive  oxidation  characteristics  as  shown  in  figure  42. 

It  was  concluded  from  these  tests  that  the  most  probable  cermet  studied  was  LT-1, 
however,  all  of  those  tested  exhibited  dimensional  instability  and  their  use  in  this 
development  was  not  recommended. 

Another  probable  solution  in  order  to  attain  a  reliable  high  temperature  sheath 
material  was  through  coating.  An  attempt  was  made  to  the  deter  intergranular 
corrosion  of  Inconel  702  to  extend  its  life  beyond  96  hours  at  the  elevated 
temperatures. 
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FIRE  BRICK 


1 


FIGURE  36.  HIGH  TEMPERATURE  AXIAL  LOAD  TEST 
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TABIg  10.  COMPABilTIVE  RESULTS  AS  CALCUIATED  FROM  HIGH  TEMPERATURE 

SHEATH  MATERIAL  TESTS 


SHORT  TIME  DEFORMATION  DUE 

TO  STRESS  IN/taN.XlO-3 

EEIDINQ 

INCONEL  702  INC0.702 
«2300®P  «2350*P 

SS321  INCO  702+  PROTOTYPES 

STBSSS-PSI 

9i6oo°f  Me0d2300^  @1600  91800 

1290 

1.0  5.0 

2070 

0.2 

2230 

0.2  0.2 

2 

2580 

6.0  9.0 

3100 

0.2 

3870 

8.0  12.0 

4l40 

2.0 

4460 

1.0  0.3 

6 

5160 

1.6  9.0  16.0 

5170 

6200 

38 

6500 

10.0  6.0 

6700 

1.0  0.7 

6.4 
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FIGURE  37  -  RESULTS  OF  COMBUSTION  TESTING  OF  SHEATH  MATERIALS  AT  2400®? 

(Prototype  at  1600^F) 
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Figure  38  -  Kennaxnetal  Cermets  as  Received  Figure  39  -  Kennametal  Cermets  After  25  Hrs. 

Condition  Test  at  2450°F . 
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Composition:  77%  Chromium,  Z3%  Aluminum  Oxide 
(Shock  Cycle  was  from  the  indicated  temperature  into  room  temperature  water) 
FIGURE  40  -  HAYNES  STELLITE  LT-l  CERMET  TEST  RESULTS 
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FIGURE  41  -  HAYNES  STELLITE  LT-l-B  CERMET  TEST  RESULTS 
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Figure  %  Illustrates  Inconel  702  coated  with  a  dense  alumina  coating  designated  as 
LA-1  hy  the  Linde  Air  Products  Coapany  who  supplied  the  coated  sanplea.  Figure  W 
es  the  results  of  combustion  testing  these  samples  for  15  hours  at  2400°F 


As  a  result  of  these  tests,  the  Linde  Air  Products  Conpany  furnished  a  new 
porous  coating  designated  as  LA-3«  The  results  of  testing  these  coatings  are 
shown  in  figure  k3 .  Sample  B  exhihlted  a  small  amount  of  spalling,  howewer,  these 
tests  were  much  improved  from  those  with  the  LA-1  coating.  Figure  45  shows  the  com¬ 
plete  failure  of  the  LA-3  coating  after  three  thermal  shock  cycles  such  as  the  cer¬ 
mets  were  subjected  to  earlier. 

These  tests  confirm  that  when  heating  or  cooling  a  metal  protected  with  a 
ceramic  coating,  sharp  temperature  gradients  exist  across  the  low  conductlTlty 
ceramic.  This  difference  in  temperature  coupled  with  a  difference  in  expansion 
coefficient  results  in  very  hl(^  stresses.  The  expanding  metal  stretches  the 
coating  until  rupture  occurs. 

It  was  concluded  that  Inconel  702  appeared  most  favorahle  after  an  analysis  of 
the  sheath  problem  and  tests  which  are  discussed  above .  From  the  standpoint  of 
reliability  in  a  pre-turbine  application,  it  was  further  concltided  that  as  a  result 
of  the  limited  testing  acconplished  during  this  development ,  no  tested  cermet  or 
coating  showed  sufficient  success  to  warrant  recommendation. 
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FIGURE  43  LA-1  COATED  INCONEL  702  -  AS  RECEIVED  CONDITION 


FIGURE  44  -  LA-1  COATED  INCONEL  702  -  AFTER  25  HOURS 
@  2400  F  AND  THERMAL  SHOCK  TO  68°F 


Coating  Supplied  By:  Linde  Air  Products  Company 
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FIGURE  45  -  LINDE  AIR  PRODUCTS  LA- 3  COATED  INCONEL  70Z 

A.  As  Received  ^ 

B.  Eight  Hours  Combustion  @  2300°F  -  One  Thermal  Shock  to  68  F. 

C.  Sixteen  Hours  Combustion  @  2300°F  -  One  Thermal  Shock  to  68°F. 


FIGURE  46  -  LINDE  AIR  PRODUCTS  LA-3  COATED  INCONEL  702 
(After  Combustion  Test  at  2450°F  and  Three  Thermal 
Shock  Cycles  to  68°F). 
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Section  VI  -  System  Design 


This  development  contract  considered  two  types  of  systems  from  the  stemdpoint 
of  design.  These  systenis  weret 


a.  Cne  type  of  thermocouple  with  a  maximum  time  response  of  1.2  seconds  at  a 
maximum  flow  rate  of  six  pounds  per  foot  square  per  second. 

b.  One  type  of  thermocouple  with  a  recovery  factor  of  not  less  than  0.98. 


The  characteristic  time  of  a  thermocouple  is  a  transient  behavior  which  is 
usually  identified  by  the  Greek  letter,  (tau).  When  considering  only  a  condi¬ 
tion  of  convective  heat  transfer  to  or  from  the  couple,  a  heat  balance  can  be 
written  to  obtain  results  similar  to  those  of  several  investigators  (5)  (15) 

(6l)  and  (62). 

(tj  - 1) = (tj  -  tj)  (1  -  •-  ) 

where  s 


tj  =  initial  temperature  as  indicated  before  a  temperature  change  occurs, 
t  s  temperature  indicated  by  a  thermocouple  at  a  time  after  the  change  occurs, 
t  =  temperature  of  the  air  stream  after  a  temperature  change  occurs, 
c  s  specific  heat  of  the  thermocouple  material. 

~  density  of  the  thermocouple  material, 
h  =  coefficient  of  heat  transfer. 


D  =  Diameter  of  the  thermocouple  wire, 
r  =  time  elapsed  after  a  temperature  change  occurs. 

Characteristic  time  is  identified  as  when  r-/?  and  the  ratio  of  temperature 
involved  in  this  expression  gives  that 

=(!-.-  ) 

-  t2 

It  'T'  =  '/S  the  Talue  of  this  ratio  for  characteristic  time  if  O.632  similarly 
if  7*=  2/Sf  and  ^  -  3^  the  value  of  the  ratio  is  0.865  and  O.95  respectively. 

In  the  following  discussion,  the  maTlmum  characteristic  time  of  1.2  seconds 
specified  for  this  devel<9ment  was  used. 
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'Tiro  «y sterna  of  different  materials  were  oooopared  by  allowing  the  following 
oomditions  t 

!•  ▲!!  temperatures  equal  for  two  thermocouples  of  different  materials. 

2m  Both  thermocouples  were  of  the  same  diameter. 

3*  Both  thermocouples  had  the  same  heat  treuisfer  coefficients. 

A  ratio  of  the  two  systems  proTidess 


indicating  that  the  ratdo  of  characteristic  times  are  equal  to  the  ratio  of  density 
and  specific  heat. 

Listed  in  Table  (ll)  are  characteristics  of  commercial  thermocouple  materials 
as  well  as  estimates  for  thermoelement  materials  recommended  tinder  this  deyelopment. 


i  ^  ayerage  C  of  62  and  a  palladium/ 
of  kk  are  taken 


If  the  ratio  of  a  chromel/alumel  system  with 
platinum  15%  Iridium  system  which  has  an  average  . 


or 


In  figure  (47) t  shown  characteristic  times  vs.  mass  velocity  from  ref.  (14)* 
These  values  are  both  calculated  and  experimental  for  a  chromel/alumel,  l6  gau^e, 
loop  junction.  Also  shown  are  the  expected  characteristic  times  for  either  a 
platinuiVplatinum  rhodium  or  a  palladium/platinum- iridium  system  at  the  maximum 
1len5)erature  of  l600®F  (871®C). 

This  figure  illustrated  that  a  characteristic  time  lower  than  the  specified  1.2 
seconds  could  be  predicted  for  a  l6  gauge  palladiuiA/platinum  15%  iridium  thermocouple  at 
as  low  a  temperature  aS  140C)^F  (760®C)  and  a  6  Ib/ft  2  sec.  mass  flow.  It  was 
therefore  not  anticipated  that  the  time  response  requirement  in  this  development 
would  present  any  problem. 

In  order  to  better  understand  the  factors  which  more  directly  effected  the  speed 
of  response  of  the  thermocouple  junction,  the  following  simplified  problem  analysis 
was  prepared.  This  analysis  was  made  in  preparing  specific  recoinnendations  for 
characteristic  time  improvements. 

Considering  a  heated  thermocouple  placed  in  a  cooling,  moving  air  stream.  Radiation 
and  conduction  losses  neglected;  the  only  mechanism  available  for  removing  energy 
from  the  couple  was  the  moving  air  stream.  Density  and  viscosity  variations  were  like¬ 
wise  neglected.  The  air  stream  was  considered  to  be  tube-like  with: 


dm  (dl) 
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TABLE  11 

MATERIAL  CHARACTERISTICS  FOR  TIME  RESPONSE  ESTIMATES 


MATERIAL 

DENSITY 

LBS./PT.3 

SPECIFIC  HEAT 
B.T.U./LB./OR. 

/^c 

B.T.U./PT.3AR. 

CHROMEL 

ALHMEL 

545 

537 

1334 

0.106 

0.124 

PLATIIIVM 

0.0324 

43.222 

PUTunm  13^  RHODiim 

1261 

0.0357 

45.018 

PALLADIUM 

744 

0.596 

44.342 

_ PLATIMPM  15^  IRIDIUM 

1343 

_ 0.0323 

_ 43.379 _ 
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where  dm  is  an  element  of  mass.  Ag  is  the  area  of  the  stream  (equal  to  the  area  of 
the  Juneti<Hi  Aj).  ^  was  the  density  of  the  air*  and  dl  is  a  unit  of  length  along 
the  tube.  I'ifferentiating  this  equation  with  respect  to  time  given  the  rate  of 
change  of  mass  fl(Ming  pass  the  thermocouple.  Using  this  relationship  in  the  energy 
equation  for  heat  flow  gave,  after  integration,  the  result: 

T-Tf  »  (Ti  -  Tf)  exp  (-)  (t/Cj/Sg 

where: 

t  s  Znstantemeous  time  greater  than  zero 
T  s  Tenqterature  at  any  time  (t)  greater  than  zero 
Initial  temperatiure 
TfB  Final  temperature 
Cjs  Heat  capacity  of  the  junction 
Ajs  Area  of  the  Junction 
Sjs  Specific  heat  of  the  gas 

Density  of  the  gas  (considered  constant) 

Vgs  Velocity  of  the  air  stream 
exps  Base  of  the  Mataral  log  (e) 

The  denominator  of  the  exponent  of  (e)ia  called  the  time  constemt. 

That  ist: 

A  similar  expression  to  this  has  been  given  by  Dahl  and  Flock.  (82)  and  mention 
was  made  that  the  coefficient  of  heat  transfer  (he)  is  dependent  on  the  mass  flow 

rate.  The  quantity  gV^  is  the  mass  flow  rate,  so  h^  does,  in  fact,  contain 

that  term. 

In  practice,  the  equation  above  cannot  be  used  to  rlgcroasly  define  the  time 

response  constant  •  Heat  transfer  of  this  type  is  extremelyeonplex.  and  in 

addition  to  the  a8suiiq>tions  made,  it  has  also  been  shown  that  depends  on  the 
temperature  interval.  The  value  of  the  equation  lies  in  the  fact  that  it  points 
out  some  variables  which  are  significant  for  rapid  response,  and  it  therefore  pro> 
vides  a  direction  for  proper  thermocouple  design. 

Althou^  the  equation  cannot  be  used  to  measure  ^7^  theoretically,  examination 
of  it  showed  that  the  quantity  can  be  determined  experimentally.  When  t  is  equal  to 
as  pointed  out  earlier,  the  temperature  of  the  thermocouple  will  have  reached 
a  value:  T  «  Tf  e  (0.362)  (Ti  •  Tf).  Thus,  by  masuring  the  time, it  takes  the  probe 
to  traverse  approximately  63K  of  the  temperature  interval,  the  is  determined. 

Actually,  since  is  a  constant  of  a  particular  system  (couple  and  measuring  equip* 
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ment),  any  arbitrary  change  in  the  ten5)eratiireinterval  can  be  used  together  with 
the  corresponding  time  interval  to  calculate  f  •  This  will  hold  true  only  if  the 
experimental  temperature-time  curve  is  logarithmic  as  the  theory  suggests. 

Test  Results 


In  order  to  evaluate  the  speed  of  response  of  various  thermocouple  junction 
configurations,  a  test  facility  was  set  up  to  measure  the  speed  of  response* under 
contract  conditions*  This  facility  is  hhown  in  Figure  (48)  •  equipment  was 

operated  and  measurements  were  correlated  with  the  National  Bureau  of  Standards  for 
several  types  of  thermocouple  junctions.  Table  (12)  shows  the  test  results  as  com¬ 
pared  to  those  of  the  National  Bureau  of  Standards  for  three  different  types  of 
thermocouple  junctions.  Figure  (50)  shows  a  sketch  of  these  three  junction  types. 

In  Figure  (48)  the  high  steady-state  temperature  was  provided  by  an  electric  oven; 
the  lower  tenperature  was  a  cool,  moving  air  stream.  An  orifice  plate  used  in  con¬ 
junction  with  a  U-tube  manometer  provided  for  mass  flow  calibration.  The  emf  of 
the  thermocouple  was  fed  into  a  recording  oscillograph.  Decade  resistance 
boxes  are  used  to  provide  both  proper  impedance  matching  and  desired  recording  sen¬ 
sitivity. 

Since  the  time  response  was  defined  as  that  time  required  to  reach  635S  of  the 
temperature  change,  it  was,  in  general,  incorrect  to  use  63^  of  the  emf  change.  For 
chromel-alumel  couples  which  exhibit  a  linear  emf- temperature  relationship,  a 
conversion  was  not  necessary. 

Errors  could  be  introduced  if  the  temperature  or  the  velocity  of  the  air  stream 
were  to  vary  significantly  with  time.  The  recording  device  was  such  that  any  drift 
was  detedted  on  the  trace  and  necessary  corrections  made. 

Since  there  were  no  pressure  sensing  devices  situated  near  the  couple,  it  was  not 
possible  to  guarantee  that  the  probe  was  "seeing"  the  mass  flow  indicated  by  the 
orifice  plate.  A  simple  "dip-stick"  measuring  device  insured  that  the  thermocouple 
was  at  the  same  position  in  the  air  stream,  and  the  results  indicated  excellent  repro¬ 
ducibility.  Comparison  of  results  with  the  Bvireau  of  Standards  indicated  the 
necessary  corrections. 

It  was  also  found  that  the  galvanometer  reached  equilibrium  in  a  time  approx¬ 
imating  its  natural  frequency.  With  the  impedance  match  used  (6;^  critical  damping) 
the  time  lag  was  approximately  O.OO5  seconds. 

The  slope  of  the  emf  (temperature) -time  curve  was  such  that  an  error  in  measure¬ 
ment  of  temperature  corresponding  to  an  error  in  length  of  I/60  of  an  inch  produced 
errors  in  time  responses  of  between  US  and  3S.  Using  an  engineers*  scale  kept 
these  errors  to  within  these  limits. 

Time  Response  Conclusions 

An  analysis  was  performed  indicating  that  the  response  of  a  palladium/ 
platinum  1556  iridium  thermocouple  should  be  faster  than  those  observed  by  chromel- 
alumel  by  a  factor  of  l.i^l.  Several  responses  of  various  chromel-alumel  designs 
were  measui’ed  and  with  an  18  gauge,  machined  loop  system,  a  1.1?  second  response 
was  attained.  It  is  concluded,  that  the  time  response  specification  of  1.2  seconds 
could  be  attained  using  I6  gauge  wire  in  a  machined  loop  configuration. 
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FIGURE  48.  SPEED  OF  RESPONSE  TEST 


TYPE  2 


TYPE  1 


FIGURE  49.  CONCENTRIC  SUB-MINIATURE  THERMOCOUPLE  JUNCTIONS 
(APPROXIMATE  O.  D.  AT  TIP  -  0.020  INCHES) 


WADC  TR  57-744 


77 


TABLE  12.  TIME  RESPONSE  RESULTS 


a.  Time  response  of  chromel-alumel  junctions  for  a  mass  flow  rate  of  6  Ib/ft^-sec. 
and  a  temperature  interval  of  approximately  1000  degrees  Fahrenheit. 


Beaded  Junction  (26  GA) 
Machined  Loop  (18  GA) 

Beaded  junction  (l6  GA) 

Fused  splice  junction  (18  GA) 
Concentric  junction  (.028  OD) 


0.78  t  0«02  seconds 
1.17  ±  0.02  seconds 
1.92  t  0.02  seconds 
2.59  i  0.03  seconds 
0.71  to  0.50  t  0.02  seconds 


b.  Variation  of  time  response  as  a  function  of  mass  flow  rate.  Fused  splice 
probe  was  used. 


Mass  flQV  rate  I 
(lb/ft2-3ec.) 


Time  Responses 
(seconds) 


3.0 


3.66 


4.5  2.97 

6.0  2.56 


7.0 


2.37 


c.  Variation  of  a  function  of  dgf 

used.  Mass  flow  was  6  lb/ft2-sec. 

Day 

1 

2 

3 


to  day  ssuiQ)ling.  Fused  splice  probe  was 

Time  Response  (Sec.) 

2.38  9t  2.61  sec. 

2.56  •  2.58  see. 

2.56  &  2.59  sec. 
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d*  CAleulatlod  of  time  response  using  arbitrary  percentage  changes  in 
temperature. 


Temp 


fused  snlice 

^felchined  loop 

2.58  see. 

1.17  sec. 

63t 

2.58  sec. 

1.14  sec. 

39% 

2.61  see. 

1.14  see. 

28% 

2.60  sec. 

1.15  see. 

18% 

e.  Comparison  of  time  response  results  sgSinSt  tests  made  at 
Bureau  of  Standards.  The  mass  flow  rate  was  6  Ib/ft^-sec. 
interral  was  approximately  1000  degrees  Fahrenheit. 

the  National 
.  The  temperature 

Couple 

General  SLeetrie 
Data 

National  Btireau 
of  Standards 

Beaded  Jimction 

0.78 

0.72 

26  Gk) 

0.78 

0.72 

Machine  loop 

Average 

0.78  sec. 
1.16 

0.68 

0.71  sec. 

1.12 

(18  GA) 

1.17 

1.00 

Fhsed  Splice 

Average 

1.17see. 

2.58 

1.07 

1.06  sec. 

2.49 

(18  GA) 

2.61 

2.35 

Average 

2759 

2.1s 

2.33  8©C» 

There  is  a  constant  conversion 

factor  between  the  two  sets 

Of 

data.  This  conver 

Sion  factor  ist 


Salt  =  N.B.S. 

1.1 
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TABLE  12 .  CONTINUED 


f . 

Time 

Response  of 

Concentric 

Design 

Junction 

Unit 

Record 

Time 

Form* 

No. 

No. 

Response -sec . 

T.op 

1 

1 

3459 

0.79 

1000 

1 

1 

3462 

0.77 

1000 

1 

1 

3466 

0.77 

1000 

Average 

0.77  Corrected 

Ave.  0.71 

2 

2 

3469 

0.54 

1000 

2 

2 

3472 

0.53 

1000 

2 

2 

3475 

0.54 

1000 

Average 

0.54  Corrected 

Ave.  0.49 

2 

3 

3478 

0.57 

1000 

2 

3 

3481 

0.57 

1000 

2 

3 

3484 

1000 

Average 

0.56  Corrected 

Ave.  0.51 

♦See  Flgiire  49* 


FUSED  BEADED  MACHINED 

SPLICE  JUNCTION  LOOP 


PIODRE  50.  JUNCTION  TYPES  USED  FOR  TIME  RESPONSE  DETEFIMINATION 
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wiffii-Raeovery  System 


In  this  section,  consideration  Is  given  to  the  systen  idilch  required  a  recoTsrjr 
factor  of  not  less  than  0.9B. 

In  speaking  of  gas  teaiperature  asasureBents  In  a  hlgh-Tolocitp  gas  flow,  there 
are  two  ezlstiBg  states .  There  Is  the  static  teagperature  Dhich  vonld  he  aeasnred  If 
the  asasureaent  vas  taken  hp  aorlng  a  device  alc^  vlth  the  gas  streaa.  The  other 
Is  a  total  temperature  uhere  the  aeasureasnt  Is  aade  hj  a  stationarp  asasurlng  device. 
The  total  teaperature  device  brings  the  gas  to  rest  and  the  kinetic  energp  is  conver¬ 
ted  to  an  adiabatic  teaperature  rise . 

The  detezalnatlon  of  these  states  of  teagperatures  is  a  difficult  task.  The 
static  teaperature  Is  the  aost  difficult  vlth  a  statlonarp  probe,  because  of  the 
gas  veloeltp  reduction  bp  the  boundarp  laper.  This  teaperature  Is  usuallp  deter- 
alMg  kp  asasurlng  the  static  pressure  and  either  the  densltp,  veloeltp  or  Index 
of  refraction  of  the  gas. 

The  conventional  probe  usuallp  Indicates  soaevhere  between  the  static,  Tg,  and 
total  teaperatures,  T^,  depending  on  the  shape,  orientation,  radiation  and  other 
factors  of  the  probe.  The  stagnation,  Tg^,  and  static  temperatures,  Tg,  are  related 
bp  the  following  equation: 

T*  ^ 

where  II  ■  free  streaa  aach.  nunOMr. 

Letting  V  •  Cp/C^  >  l.i^  for  air,  the  relationship  can  be  written  - 

III  -  1  +  0.2M® 

Ts 

which  holds  for  sonic  as  well  as  subsonic  flows. 

Ve  define  the  recoverp  factor  as  the  ratio  of  the  Indicated  teaperature  rise, 

Tt  •  Tg,  to  the  adiabatic  teaperature  rise,  T,^  •  T,  or 

r  •  ^  "  *a 
Tst  -  Ts 

relation  Indicates  that  a  spstea  of  aaxlaua  efflciencp  nan  have  the  ratio  of 
one.  Uhder  this  condition,  the  Indicated  teaperature  would  be  as  near  the  stagna¬ 
tion  teagperature  as  possible. 

Agpplplng  the  conditions  of  this  contract 

r  >0.98 

end  N  ■  0  to  O.S 
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From  the  recovery  factor  definition  above,  ve  have  that: 


=  1.128  or  Tgt  =  1.128  Tg 


and: 


Tt  =  1.125  Tg 


It  is  now  possible  to  proceed  in  determining  vhat  is  needed  for  a  high  recovery 
system.  From  the  discussion  above  and  experimental  data  on  hi£^  recovery  systems, 
it  is  found  that  the  system  is  required  to  be  of  some  aspirated  or  stagnation 
design.  The  aspired  or  stagnation  design  provides  for  the  reduction  of  differences 
in  the  indicated  and  true  temperature  by  consideration  of  the  following  factors: 

1.  Reduction  of  the  effect  of  adiabatic  teBq>erature  rise,  due  to  bring  the 
gas  to  rest. 

2.  Reduction  of  radiation  losses. 

3.  Reduction  of  conduction  losses. 

!Bie  first  of  these  factors  is  affected  by  establishing  a  stagnation  zone  (ihead 
of  the  teaqserature  sensing  element.  The  calibration  of  such  a  probe  shows  bet'Mr 
reproducibility  than  that  of  a  probe  for  which  the  flow  characteristics  in  the  boun¬ 
dary  layer  determine  the  recovery  factor.  A  probe  of  this  type  is  shown  in  Fig.  51. 

nie  other  factors  can  be  affected  by  considering  the  following  characteristics 
as  they  are  related  to  the  system. 

1.  The  thermoelements  should  have  low  heat  capacity  to  reduce  couple  time  lag. 
Althou^  it  is  not  intended  to  consider  time  lag  in  the  high  recovery  probe. 
An  attempt  must  be  made  to  provide  an  acceptable  response. 

2.  To  reduce  conduction  losses,  the  thermoelement  leads  should  be  partially 
exposed  to  the  temperature  of  the  stagnation  chasiber. 

3.  Radiation  losses  are  reduced  since  the  stagnation  chaid>er  serves  as  a 
radiation  shield  also.  The  radiation  shield  should  be  of  a  low  heat  con¬ 
ductivity  and  low  surface  emlsslvlty  so  that  the  thermoelements  "see"  as 
small  a  temperature  difference  as  possible.  A  low  temperattire  difference 
reduces  the  radiative  heat  transfer. 

4.  A  number  of  vent  holes  should  be  provided  in  the  stagnation  chamber  to 
replace  the  air.  The  temperature  of  the  air  in  the  chamber  will  tend  to 
drop  below  the  stagnation  temperature  due  to  heat  conduction  and  radiation 
if  not  nplaccd.  These  holes  must  be  of  small  size  so  as  not  to  cause  the 
air  in  the  probe  to  assume  an  appreciable  velocity.  The  small  velocity 
effect  of  these  holes  are  advantageous,  however,  as  they  reduce  the  time 
lag  by  increasing  the  convective  heat  transfer. 

5.  The  heat  losses  from  the  probe  can  be  reduced  by  having  a  blunt  probe  with 

a  strong  normal  shock  wave  in  front  which  effectively  raises  the  boundary 
Iftysr  ten(p6ra^ux*6e  Sia  BTfect  of  a  normal^  wock  nave  aXso  providas 

insensitivity  to  flow  inclinations. 
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High  Recovery  Design  Conclusiona 


Since  the  design  of  a  system  is  a  judicious  choice  of  factors,  and  material 
characteristics,  definite  conclusions  can  not  be  made  in  the  strict  sense.  An 
attempt  has  been  made  in  this  section  to  point  out  the  controlling  factors  and 
ways  to  provide  that  a  probe  of  suitable  design  be  provided.  Figure  5I  illus¬ 
trated  a  relatively  con5)lex  design  from  the  manufacturing  standpoint,  however. 
Figure  52  illustrates  that  the  requirements  of  high  recovery  can  be  attained 
ty  minor  modification  of  the  present  G.E.  high  recovery  probe. 
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GROUP 

JUNCTIOJ 

NO. 

CHARACTERISTIC  TIME  (SECONDS) 
@MASS  FLOW  RMIE  (LBS.#rf-3Ea) 

RECOVERY 

FACTOR 

2 

5 

& ^ ti 

1 

2 

3 

7.2 

4.7 

3.7 

3.0 

0.95 

4 

8.3 

5.8 

4.3 

3.6 

0.95 

3 

4.3 

2.9 

2.5 

2.1 

0.96 

4 

15.4 

10.3 

8.3 

6.9 

0.96 

FIGURE  52.  GENERAL  ELECTRIC  HIGH-RECOVERY  SYSTEMS 
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Section  VII  -  Connectora 


The  thermocouple  connector  has  three  problem  areas;  contact  resistance,  spurious 
▼oltage,  and  mechanical  life*  The  problems  are  not  insurmountable,  howeter,  they  are 
of  such  a  nature  that  it  is  highly  improbable  that  absolute  elimination  can  be  attained. 
They  can  be  reduced  to  a  minimum  only  by  extreme  designing  care  and  observation  of  the 
following  precautions  reaulting  from  field  test  data. 

The  contact  resistance  of  a  connector  operating  in  a  region  of  high  ternperature 
and  Tibration  can  increase  from  any  of  several  causes;  oxidation  of  the  contacts, 
loss  of  contact  pressure  due  to  loosening  or  wear  of  the  contact  parts  or  relaxa¬ 
tion  of  the  spring  member.  The  contact  may  also  be  damaged  mechanically  by  forcing 
the  contacts  together  improperly,  over -stressing  the  spring  or  by  inserting  an  over¬ 
sized  test  lead  into  the  socket.  This  problem  can  be  overcome  by  proper  material 
selection  and  elimination  of  mechanical  damage. 

Spurious  voltage  can  be  introduced  into  the  thermocouple  circuit  at  the  con¬ 
nector  by  formation  of  a  Secondary  thermocouple.  If  the  contact  members  are  of 
materials  which  do  not  match  the  lead  wires,  a  temperature  gradient  at  thto  connector 
would  cause  a  spurious  voltage  error.  If  other  extraneous  materials  such  as  studs, 
nuts,  washers  or  solder  are  used  in  a  high  ten^erature  gradient  zone,  a  spurious 
voltage  may  also  result.  These  errors  are  eliminated  when  connector  contacts  are 
made  of  materials  similar  to  the  lead  wires  eoid  extraneous  materials  avoided.  The 
connector  can  also  be  installed  in  a  region  of  small  temperature  gradient  while 
locations  such  as  a  firewall  or  a  thermocouple  mounting  pad,  \diere  high  temperature 
gradients  exist,  are  to  be  avoided. 

Tlie  mechanical  design  of  a  thermocouple  connector  should  be  such  that  it  encloses 
the  contacts  protecting  them  from  the  products  of  combustion,  dirt  and  foreign  metal¬ 
lic  particles.  These  can  short-circuit  the  thermocouple  circuit  to  ground  or  cause 
excessive  wear  of  the  contacts.  Means  should  also  be  provided  to  prevent  the  con¬ 
tact  pin  from  entering  the  socket  at  such  an  angle  as  to  over-stress  the  contact 
spring  itself.  When  galling  of  the  thread  occurs  at  high  temperature,  it  would  be 
an  advantage  to  be  able  to  replace  the  coupling  nut  and  return  the  unit  to  service. 

The  specifications  applicable  to  this  phase  of  the  development  were  as  follows; 

1.  Spurious  £mf.  -  Each  connector  of  the  thermocouple  system  shall  be  tested 
for  spurious  junction  effect.  This  test  shall  be  conducted  in  a  similar 
manner  to  the  procedures  used  in  WADC  TR  53"34^«  The  amount  of  emf  genera¬ 
ted  when  a  terr5)erature  gradient  of  100®F  is  ijqposed  across  any  one  harness 
connection  shall  not  introduce  an  mror  in  excess  of  plus  or  minus  5®F.  When 
a  1000®F  gradient  is  imposed,  the  amount  of  emf  generated  by  any  firewall  con¬ 
nection,  if  applicable,  shall  not  exceed  plus  or  minus  5^^* 

2*  Tcrgue  Resistance  -  The  operation  of  each  threaded  connector  used  in  the  ther- 
mocot4)le  system  shall  not  be  affected  by  being  torqued  to  100  in-lbs.  Upon 
heating  in  an  airframe  installation,  or  its  equivalent,  disassembly  of  the 
connector  shall  not  result  in  damage  when  the  initial  tcxrque  value  is  100  in¬ 
lbs.  At  torque  settings  of  30  in-lbs.  to  100  in-lbs.,  the  contact  resistance 
shall  not  vary  from  the  design  contact  resistance  by  more  thain  plus  or  minus 
0.1  of  an  ohm  at  all  ambient  temperatures  from  500  to  1500®F.  In  addition, 
if  some  type  of  spring  loaded  socket  is  determined  to  be  more  advantageous 
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fcr  this  application,  testing  shall  be  conducted  to  prore  that  a  reliable 
positiTe  contact  is  maintained  at  the  maximum  operating  teoperaturee  as  veil 
as  at  room  temperatures* 

3«  Maintenance  -  The  complete  thermocouple  system  sh^l  be  assembled  and  dis¬ 
assembled  30  times  without  damage  occur ing  to  any  one  component.  It  shall 
take  no  more  than  12  minutes  to  asseinble  euid  disassemble  the  complete  sys¬ 
tem  on  an  engine  installation. 


Xraluation 

There  is  no  recognized  method  for  exaluating  thermocouple  connectors  to  insure 
that  they  vill  perform  satisfactorily  under  the  hi^  ambient  temperatures  and  Vibra¬ 
tion  forces  that  are  found  on  Jet  engines.  In  lieu  of  accepted  tests,  a  comparison 
test  was  used  as  dereloped  for  evaluating  Improvements  on  thermocoi^le  connectors. 

The  test  consists  of  cycles  of  vibration  at  45  g*s,  I90  cps  and  25  mil  vertical  dis¬ 
placement  and  then  heating  the  connedtcr  assembly  to  i300^F  (8l6^C)  temperature. 

When  a  voltage  is  applied  across  the  contacts  and  monitored  on  an  oscilloscope,  a 
fcdlure  is  indicated  by  a  hash  due  to  intermittent  contact  or  voltage  increase  due 
to  high  resistance  or  an  open  circuit.  Under  these  conditions,  a  standard  produc¬ 
tion  connector  which  has  operated  satisfactorily  for  over  130  hours  in  the  field 
would  fail  in  a  matter  of  2  1/2  hours  test  time  at  lOOO^F  (338®C). 

The  stud  and  nut  type  of  thermocouple  Aectrical  connection  was  discarded  early 
in  the  development.  This  type  of  Junction  has  several  draw- backs The  contact  pres¬ 
sure  relies  on  the  care  with  which  the  nut  is  tightened  and  locked  emd  the  studs  are 
subject  to  damage  by  cross-threading  and  galling.  Its  use  also  presents  the  constant 
risk  that  field  personnel  may  use  nuts  of  standard  aircraft  design  to  replace  special 
thermocouple  alloy  parts  which  are  required.  Tests  by  the  National  Bufeau  of  Stan¬ 
dards  have  also  indicated  that  considerable  error  can  result  trcm  this  type  of  con¬ 
nection. 

Three  basic  connector  designs  were  evcduated;  the  Williamsgrip  connector  (Fig- 
ure  53)  which  utilizes  a  tapered  thread  to  obtain  the  contact  pressure,  the  G-B  703 
type  connector  (Figure  54)  which  is  the  improved  version  of  the  connector  used  on  the 
B-47  snd  F-86  aircraft,  and  the  Canadair  type  connector  (Figure  53 )•  Connectors  were 
also  requested  of  the  Thermo  Electric  Co.  of  Ss^dle  River  Township,  New  Jersey,  and 
Binwal  Iqoorporated  of  Ashland,  Mass.,  however,  were  not  received  in  time  for  eval¬ 
uation  under  this  contract. 

All  connector  evaluation  tests  were  made  with  chromel  alumel  lead  wires  as 
developmental  lead  wire  material  contacts  had  not  been  determined  when  testing  was 
initiated.  The  results  wdre  deemed  valid  for  the  Canadair  and  G-£  705  types  as  the 
contact  force  was  supplied  by  a  spring  of  Inconel  X  in  the  test  unit.  It  has  also 
been  recommended  that  the  contacts  be  protected  by  platinum  plate  as  are  the  present 
chromel  alumel  counterparts  for  comparable  oxidation  and  wear  resistance  of  the 
surface. 

The  Williamsgrip  connectors  (Figure  53)  failed  in  15  hours  or  less.  The  failures 
observed  were;  breakage  of  the  lead  wire  where  it  entered  the  MgP  insulation,  breakage  of 
the  wire  at  the  end  of  the  socket,  and  loose  interconnecting  nuts.  As  a  result,  this 
connector  was  not  recommended  for  use  sinee- 

1.  The  present  design  does  not  provide  adequate  space  to  tighten  the  socket 
nuts  properly.  It  was  recommended  that  a  housing  design  change  could  pro- 
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2  CONTACT 

WILUAHSMIP  CONNECTOR 


FIGURE  55.  CANADAIR  TYPE  CONNECTOR 


Tide  sufficient  access  space. 

2.  The  sockets  should  be  lengthened  to  effect  a  decrease  in  wire  vibration. 

3.  The  design  can  be  codified  to  incorporate  insulated  supports  of  the  pins 
to  prevent  freedom  of  movement. 

4.  The  open  area  can  be  filled  with  insulation  after  contact  asserubly. 

3.  The  design  of  the  housing  should  be  reduced  in  size  and  weight. 

The  Canadair  type  connector  (Figure  35)  was  modified  by  anchoring  the  inter¬ 
connecting  pins  to  the  Junction  box  to  reduce  Areedom  of  movement.  The  anchoring 
supporta  were  electrically  isolated  from  the  junction  box.  Using  the  modified 
design,  a  connector  failure  was  noted  after  3*4  cycles  (47  hours  vibration,  24 
hours  heat).  The  failure  was  due  to  breakage  of  one  lead  at  a  point  where  it  was 
welded  to  the  socket.  A  second  connector  failure  was  noted  after  7  cycles  (98 
hours  vibration,  36  hours  heat).  Failure  was  found  to  be  due  to  poor  contact 
resistance  due  to  oxide  build  up. 

The  General  Electric  type  703  connector  was  modified  by  replacing  the  2G420 
locking  ring  with  an  Inconel  X  ring.  Three  samples  failed  at  3.7  cycles  (31*5  hours 
vibration,  24  hours  heat),  4*2  cycles  (38  hours  vibration,  32  hours  heat),  and  3,8 
cycles  (32.3  hours  vibration,  24  hotirs  heat)  respectively.  All  the  failures  were 
related  to  wire  breakage  at  or  near  the  socket. 


Conclusion 


The  modified  G-E  703  donnector  and  the  Canadair  connector  were  found  to  have 
comparable  performance  in  the  accelerated  life  test.  The  Allison  T-36  engine  thermo¬ 
couple  harness  designed  under  this  contract,  required  that  the  Canadair  connector  be 
selected.  The  harness,  as  specified  by  the  Allison  Division  of  Ceneral  Motors,  has 
a  dual  thermocouple  system  euid  the  Canadair  connector  provides  the  necessary  four- 
contact  arremgement  with  essentially  the  same  size  and  weight  as  the  G-E  703  connec¬ 
tor. 

Both  connectors  should  give  performance  far  in  excess  of  the  4CO  hour  life  re¬ 
quired  by  this  development. 
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Section  VIH  -  Design 


The  pnrpose  of  the  harnees  is  to  permit  the  electrical  Joining  of 

one  thermocouple  and  to  present  at  the  end  derlce  an  ^ 

a  elation  to  the  te^rature  In  the  engine.  The  most  useful  output  mould  he  an 
a-verage  of  the  thermocotiple  pattern  throughout  the  engine  cross-section. 

The  fire  basic  circuit  types  presently  used  for  thermocouple  STeraglng  are  as 
foUovs: 


1.  CoBBon  Junctions 

2.  Ladder  harness 


3.  Iqual  resistance 
k.  Geometrically  balanced  harness 
Compensated  ladder  harness 

These  are  also  Illustrated  In  figure  56.  Combinations  of  two  or  more  of  the  above 
can  be  used  In  particular  cases. 

The  simplest  type  of  harnessing  Is  the  common  Junction  harness.  In  this  cir¬ 
cuit.  all  thermocouples  are  connected  at  a  common  point  and  all  branches  have  the 
■urn*  resistance.  This  design  Involves  balancing  wire  slaes  po  yield  equhl  resis¬ 
tance  or  the  use  of  leads  of  equal  length  and  wire  size.  The  multiple  leads  run¬ 
ning  to  the  Junction  point,  however,  result  In  extra  weight.  Bie  millivolt  avert¬ 
ing  characteristic  Is  good  and  the  upset  in  the  resistance  balance  due  to  asblent 
temperature  variations  Is  small. 

n»K«>  ladder  hazmess  involves  connecting  the  Individual  thermocouples  between 
common  leads  or  bus -bars.  It  Is  apparent  that  the  thermocouple  closest  the  end 
device  has  the  least, resistance  In  the  circuit  and  would  exert  the  greatest  Influ¬ 
ence  on  the  output  voltage.  The  thermocouple  farthest  from  the  end  device  would 
contribute  the  least  output.  The  averaging  error  depends  on  the  ratio  of  the  thermo 
cotple  bruhch  to  the  bus  segment.  Since  the  branch  wire  size  In  determined  by  the 
mechanical  strength  required  at  the  Junction,  the  bus  conductor  would  have  to  bo 
large  to  obtain  a  high  ratio.  With  a  10:1  ratio  or  hi^^r  the  loss  of  a  thermo¬ 
couple  branch  circuit  would  Introduce  a  small  error  Vhlch  becomes  a  problem  of  size 
and  wel^t  balanced  against  acceptable  error.  These  ratios  and  their  errors  are 
discussed  in  reference  36. 


The  equal  resistance  harness  determines  the  lead  wire  resistance  In  ouch  a 
Winner  that  at  the  design  ambient  temperature  the  two  lead  wire  elements  have  the 
same  resistance  per  unit  length.  In  this  way,  the  effects  of  the  lead  wire  ai*e 
the  sams  for  all  Junctions.  A  change  of  ambient  temperature  from  the  design  value 

eause  a  large  upset  In  the  balance  In  the  thezmocouple  circuit  due  to  differences 
In  temperature  coefficient  of  resistance  of  the  leads.  Loss  of  a  probe  will  not  up¬ 
set  the  averaging  ability  of  the  remaining  circuit. 

The  geometrically  balanced  system  Is  essentially  a  series  of  common  Junction 
harnesses  combined  Into  an  entire  system.  In  the  normal  form,  pairs  of  thermocouples 
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DIAGRAM 


TYPE  AVERAGE  ERROR 


COMMON 

JUNCTION  12500p  0  % 

HARNESS 


AAA 

- - i - - L 


L 


LADDER 

HARNESS 


1243°P  0.535^ 


EQUAL 

RESISTANCE  1280^P  2.46^ 

HARNESS 


GEOMET¬ 
RICALLY  1247°P  0.215^ 

BALANCED 
HARNESS 


•L 


L 


COMPEN¬ 

SATED 

LADDER 

HARNESS 


1250°P 


0^ 


HARNESSES  AVERAGING  THE  SAME  PATTERN.  AMBIENT»800<^P 
PATTERN:  1200°P,  1100^P,1300°P,  l400^P.  AVERAGE t  1250°P 


FIGURE  56.  FIVE  BASIC  HARNESS  DESIGNS 
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are  Joined,  then  sets  of  pairs  Joined.  A  variation  of  this  basic  tjrpe  of  systen  Is 
one  In  vhlch  a  proper  choide  of  lead  lengths,  balances  unequal  numbers  of  probes. 
Another  variation  Involves  the  use  of  compensating  resistors  to  obtain  the  same 
electrical  balance  vhile  maintaining  a  desirable  mechanical  design.  This  system 
gives  a  true  millivolt  average  as  long  as  the  probes  are  all  at  an  equal  tempera¬ 
ture  and  the  harness  Is  at  a  constant  temperature.  The  harness  in  this  case,  does 
not  have  a  design  temperature  for  a  true  average  as  In  the  case  of  the  equal  resis¬ 
tance  and  compensated  ladder  harness.  Variations  of  temperature  between  probes  or 
In  harness  temperatures  will  Introduce  small  errors.  Loss  of  a  branch  In  this  cir¬ 
cuit  will  introduce  errors  in  averaging. 

The  compensated  ladder  harness  Is  similar  to  the  basic  ladder  except  that  each 
branch  resistance  Is  adjusted  to  give  a  circuit  which  balances  the  effective  con¬ 
tribution  of  each  thermocouple  to  the  output.  Kils  system  Is  frffected  by  the  changes 
In  resistance  due  to  ambient  temperature.  The  effect  of  ambient  temperature  and  loss 
of  branch  circuits  can  be  reduced  by  Increasing  the  thermocouple  to  bus  resistance 
ratio.  This  type  of  harness  Is  adaptable  to  any  nvunber  of  thermocouples. 

A  typical  four  thermocouple  harness  which  has  linear  output  characteristics 
can  be  used  as  an  Indication  of  the  errors  involved  by  loss  of  a  probe.  For  a 
resistance  ratio  of  10:1,  the  error  due  to  the  loss  of  a  probe  is  4.1°F  when 
occurring  In  a  200°P  spread.  For  a  ratio  of  20:1,  the  error  would  only  be  2°F. 

The  possibility  of  averaging  error  due  to  non-linearity  of  noble  metal  thermo¬ 
elements  was  investigated  by  John  Wood  of  the  General  Electric  Company's  Aircraft 
Gas  Turbine  Division.  For  this  purpose,  he  used  a  12  thermocouple  common  Junction 
type  circuit  and  the  thermocouple  elements  of  rhodium-palladium  as  being  represen¬ 
tative.  For  a  spread  of  temperatures  between  l650°F  and  1950°F  with  a  normal  dis¬ 
tribution  around  the  average  temperature  of  iSOO^F,  the  error  due  to  averaging  was 
calculated  as  1.7*^.  This  error  Is  small  when  compared  with  the  present  day  tem¬ 
perature  amplifier  and  other  components  In  the  temperature  system.  For  all  the 
parallel  circuit  arrangements  discussed  above,  the  averaging  error  is  found  to  be 
proportional  to  the  temperature  spread. 

Consideration  was  also  given  to  construction  of  a  flexible  type  cable  which 
would  be  suitable  for  high  tenqperatures  and  vibration.  This  construction  utilizes 
bellows  type  flexible  conduit  with  ceramic  beads.  The  design  is  such  that  the 
beads  are  not  put  under  any  undue  strains  as  long  as  the  flexible  conduit  is  not 
bent  in  a  sharper  radius  than  that  recommended  by  the  manufacturer. 

Figure  57  shows  a  construction  of  this  type  which  would  be  suitable  for  a  foiar 
wire  hamess  which  could  be  used  with  dual  Jvmction  thermocouples. 

This  type  of  construction  has  been  used  successfully  on  a  J-73  engine  thermo¬ 
couple  system,  however,  the  bead  was  redesigned  and  a  stronger  material  substituted 
to  give  improved  life.  The  flexible  construction  was  found  to  be  somewhat  more 
expensive  to  fabricate.  It  is  also  more  susceptable  to  damage  due  to  mishandling 
and  requires  more  support  from  the  engine.  Except  for  applications  where  the  extra 
flexibility  is  essential,  the  rigid  construction  has  been  recommended. 

Conclusion 

One  of  the  harness  types  as  required  to  be  supplied  under  this  contract,  is 
for  the  Allison  T-56  engine.  The  Allison  T-56  engine  has  18  dual  thermocouple 
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pro'bes.  Ibe  design  selected  utilizes  six  interchangeable  elements  of  three  probes 
each.  The  thrde  ibrahch  circuits  are  balanced  b7  the  \ise  of  a  conipensatlng  resistor 
to  glTe  an  arerage  output.  The  elements  are  Interconnected  by  a  harness  lAlch  forms 
a  six  element  conqpensated  ladder  circuit. 

The  three  probe  segment  permits  engine  installation  without  introducing  special 
problems.  The  harness  Is  to  be  supported  from  the  engine  so  thht  rlbratlon  of  the 
harness  Junction  box  does  not  unduly  load  the  thermocotqile  structure. 

The  connector  Is  located  at  a  point  aft  of  the  thezmocouple  probes.  Hils 
places  the  connector  In  a  zone  of  relatlTely  uniform  temperature  rather  than  the 
large  gradient  due  to  conduction  If  located  directly  on  the  thezmocouple  mounting 
pad.  This  reduces  any  spurious  emf  due  to  toiperature  gradients. 

Individually  replaceable  thezmocovples  have  been  considered  and  based  on  eco> 
nomlc  and  reliability  consideration;  they  have  not  been  recommended.  Fabrication 
and  circuitry  is  sliqpllfled  by  the  use  of  the  three  pirobe  elements.  This  simpli¬ 
fication  reduces  the  resultant  size  and  wel^t  of  the  overall  system.  An  Individual 
thermocouple  connector  operating  under  conditions  of  high  ambient  temperatures  and 
vibration  has  always  been  a  point  of  hazcurd  frou.  ^.^^roper  assembly,  poor  locking  of 
parts,  and  the  introduction  of  foreign  material.  By  reducing  the  number  of  connec¬ 
tors  from  l8  to  6,  the  probability  of  failure  is  reduced  correspondingly.  In  addi¬ 
tion,  the  reduced  numiber  of  con3aectlons  will  Involve  less  tedious  repetition  cuid, 
perhaps,  result  In  greater  care  being  exerted  during  Installation  and  replacement 
operations . 
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Section  EC  -  Conclusions 


The  thermocouple  systems  which  will  meet  the  reiiuirements  of  this  contract  are 
recommended  to  be  of  the  following  materials  and  dimensions: 

Fast  Response  System 


Thermoelements  -  Palladium/Platinura  1S%  Iridium 

PalladiuiQ-C.P.  Gh*ade  as  supplied  by  the  Baker  Co.,  Inc. 

133  A.stor  Street,  Newark  5*  Jersey 

Platinum  15^0  Iridium  -  ]SA  Standai'd  as  supplied  by  the 

Sigmund  Cohn  Co.,  Hount  Vernon,  New  York 

Wire  Diiirieter  -  O.05I  inch,  I6  AWG« 

Junction  form  -  Inert-arc  butt  welded  type  in  machined  loop  configuration. 

Insulation  -  Magnesium  Oxide,  however,  more  preferably  Aluminum  Oxide  for  its 
higher  resistivity,  i^^gnesium  Oxide  was  recomiaended  since  it  has  been 
found  to  withstand  vibration  better  than  aluminura  oxide  when  in  the  swaged 
form. 

Lead  Wires  -  An  alloy  of  4 *3^  Silicon  balance  Nickel/Nichrome* 

Since  the  nickel-silicon  alloy  and  the  Nichrome  are  not  supplied  to 
particular  thermocouple  characteristics,  these  would  require  standar- 
dieation.  Standardization  would  require  melt  selection  from  a  thermo¬ 
couple  manufacturer  based  on  thermoelectric  characteristics  which  are 
within  the  specifications  required  by  this  contract. 

Wire  diameter  -  O.05I  inches,  16  AWG. 

Sheath  I'feterial  -  Inconel  702  as  supplied  by  the  International  Nickel  Company, 

New  York.  Material  dimensions  would  be  determined  by  the  particular  a^.^ pli¬ 
cation. 


Connector  -  Csinadair  type  for  Allison  T-36  harness  as  required  for  delivery 

under  this  contract.  Modified  G.E.  type  705  for  the  experimental  harness 
also  required  for  delivery. 

Harness  Design  -  Six-element  compensated  ladder  harness  for  the  Allison  T-56 
harness.  The  experimental  harness  should  also  be  of  this  type  designed 
to  fit  the  application. 

HiRh  Recovery  System 

All  components  of  this  system  are  identical  to  those  listed  under  the  fast  re¬ 
sponse  system.  The  only  exception  is  the  requirement  of  a  stagnation  cup.  The 
stagnation  cup  should  be  of  the  same  materials  as  the  sheath,  however,  it  is  under¬ 
stood  that  Allison  has  requested  that  some  be  made  of  Inconel  for  the  T.56 
type  harness. 


National  Bureau  of  Standards  Informal  Report 

This  report  was  received  on  December  I8,  1957  said  has  been  included  as  it  was 
♦Driver  Harris  Company,  Harrison,  New  Jersey 
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reoeiTed  sltoa  thm  did  not  permit  its  inclusion  in  the  body  of  this  report. 

Qeneral  Electric  Palladium  vs.  Platinum  ^  1S%  Iridium  Thermoeouplea 

Thermocouple  probes  suitable  for  use  in  the  teoqperature  range  of  2000®F  to  2500®F 
are  under  development  for  the  dir  Force  (VATC)  by  the  C^eneral  Electric  Co«*d  group 
of  eight  experimental  thermocoupleivere  submitted  for  determination  of  their  tenqpera- 
ture-emf  ch^acteristics  and  rates  of  response* 

dll  saxoples  were  of  similar  construction.  The  thermocouple  Junctions  were  made 
from  0*051  inch  diameter  palladium  versus  platinum  1^%  iridium  thermoelements*  The 
Junctions* were  butt -welded  and  formed  into  a  stirrup- type  configuration.  The  Junctions 
in  most  bases  protrude  5/1^  inches  to  7/l6  inches  beyond  their  ceramic  insulators* 

The  thermocouple  elements  extended  approximately  6  inches  inside  the  iiisulator*  where 
they  are  welded  to  matched  extension  leads*  The  extension  leads  were  nickel  ♦  4*3^ 
silicon  alloy  versus  Nichrome* 

Probes  1  and  2  were  heated  in  air  in  an  electric  tube  furnace*  and  the  tempera- 
ture-emf  relation  of  each  was  determined  over  the  range  of  temperatures  from  800^F 
to  2000®F*  Measurements  were  made  on  samples  3t  4#  5»  7»  ®nd  8  at  temperatures  cf 

800^F  and  l600®F*  A  calibrated  thermocouple  of  platinum  versus  platinum  IQJC  thodium 
was  used  to  measure  the  actual  temperatures  of  the  furnace;  all  reference  Junctions 
ware  maintained  at  32!(F*  The  depth  of  immersion  of  all  measuring  Junctions  in  the 
|\n^nace  was  about  7  inches* 

The  temperature  of  the  area  where  the  lead  wires  Joined  the  thermoelements  was 
not  measured*  In  all  cases*  these  Junctions  were  approximately  one  inch  inside  the 
furnace*  Although  temperature  gradients  exist  along  the  furnace  tube*  especially 
at  the  ends,  it  is  believed  that  the  environment  is  fairly  reproducible,  and  that 
effects  due  to  the  presence  of  the  Junctions  between  the  thermocouple  and  leads  are 
small*  Further  measurements  will  be  made  with  the  lead  junctions  coiqpletely  outisde 
of  the  furnace  tube  to  test  the  latter  belief* 

The  results  obtained  from  calibrating  these  thermocouples  are  summarized  in 
Table  I*  The  values  of  emf  versus  temperature  were  adjusted  to  correspond  to  even 
values  of  ten^erature  to  facilitate  comparison  of  samples* 

Table  I 

Thermocouple  Thermal  emf  in  millivolts  at  temperatures,  ®F,  of 


No. 


800 

1000 

1200 

1400 

1600 

1800 

2000 

1 

9.750 

12*934 

16.452 

20.290 

24.352 

28*666 

33.374 

2 

9.684 

12.800 

16.300 

20.169 

24.178 

28.474 

33.036 

3 

9.738 

— 

— 

— 

24.099 

— 

- - 

4 

9.8I4 

— 

— 

— 

24.344 

— 

— 

5 

9.724 

— 

- - - 

24.400 

--- — 

...... 

6 

9.718 

— 

— 

24.223 

7 

9.770 

24.359 

...... 

- - 

8 

9.665 

— - 

—  - - 

24.218 

— 

Average 

9.736 

12.867 

16.376 

20.230 

24.270 

28.i,70 

53.205 
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At  a  glTen  temperature,  the  Baxlmm  deviation  of  any  one  themocoqple  froa  an 
average  value  of  thexual  euf  for  all  eaaqples  was  not  greater  than  171  ulcroTolts  or 
qffrozlaately  However,  this  difference  was  about  3^  to  3^  *t  nost  temperatures 

cheeked. 


The  theruocotqples  were  checked  a  second  tine  following  a  heating  period  In  the 
eidiaast  ^ts  stress.  Ihe  largest  change  In  thermal  enf  corresponds  to  5°^  st  2000^, 
and  at  most  temperatures  checked  was  less  than  2°F. 


She  rates  of  response  of  these  thermocouples  were  determlxied  In  the  exhaust  gas 
stream.  Measurements  were  made  at  a  gas  temperature  of  l600^,  and  at  mass  flow  rates 
of  2,  6  and  8  Ibs/ft^sec.  for  thermocouples  1,  2,  3^  ^  end  0.  Observations  were 

made  at  2  and  8  Ibs/ft^  sec  on  thermocouples  8  and  7«  All  measurements  were  made 
vltli  the  thermocouples  oriented  In  the  gas  stream  so  that  a  plane  through  the  thermo¬ 
elements  was  normal  to  the  gas  flow  {oP  orientation) .  In  addition,  the  response  rate 
of  probe  Ho.  3  vas  determined  at  90*^  orientation. 

Ihe  results  of  these  tests  are  summarized  In  table  II. 


Table  II 


Thermocouple 

lo. 


Characteristic  Time  In 


|econds 


at 


1 

2 

1.31 

k 

1.01 

6 

0.86 

8 

0.77 

2 

l.to 

1.06 

0.91 

0.82 

3  0°) 

l.t2 

1.08 

0.93 

0.84 

90°) 

1.55 

1.15 

1.00 

0.88 

k 

1.39 

1.08 

0.94 

0.84 

5 

1.56 

0.94 

6 

1.63 

0.96 

7 

1.56 

.... 

0.93 

8 

1.60 

1.22 

1.01 

0.90 

Bxeeipt  for  one  value  at  2  Ib/ft^  sec,  the  maximum  spread  at  any  mass  velocity 
Is  about  0.2  second.  The  fact  that  the  results  are  divided  Into  two  sets  In  which 
the  characteristic  times  of  probes  5  through  8  are  somewhat  higher  than  those  of  1 
throu^  Is  unexplained.  The  observations  were  taken  In  a  random  order  rather  than 
the  order  In  which  the  probes  are  listed  In  table  II;  changes  In  the  exhaust  gas 
system  thus  cannot  be  the  cause.  It  seems  reasonable,  therefore,  that  these  small 
differences  may  have  been  built  Into  the  probes,  through  design  or  otherwise,  by 
different  treatment  of  the  elements  at  or  near  the  Junctions. 


CoB^bustlon  Controls  Section 
latlonal  Buz«au  of  Standards 
Washington,  D.C. 

December  12,  1957 
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Appendix  I 

THEBMOELECTRIC  PROPERTIES  OF  MATERIALS  COMPILED  FOR  ETODY 


Element 

ELENEHTS  HEGATIVE  RELATIVE  TO  PLATINUM 

Microvolts /°C 

Range  of  Hierino-  ^ 

Electric  MeasTirement  -  C 

Si 

0  -  300 

-  367 

Co 

0-800 

-  17.5 

Pd 

0  -  1500 

-  15.2 

Rl 

0  -  1100 

-12.4 

ELEMENTS  POSITIVE  TO  PLATINUM 

Ti 

0-900 

+  12.8 

Pe 

0  -  1000 

+  l4.6 

Ir 

0  -  1500 

+  15.0 

Zr* 

0-260 

+  16.2 

Rh 

0  -  1500 

+  16.9 

Ta 

0  -  1200 

+  17.8 

No 

0  -  1200 

+  30.8 

W 

0  -  1200 

+  31.5 

ALLOT  STSIEMS  RELATIVE  TO  PLATIHUM 


(0  - 

An-Pd 

100°C  exp. 

range) 

Nl-Cr 

(25-1000®C  exp. 

range) 

Wgt. 

Microvolts C 

Wgt.  i 

Microvolts/^  C 

0  Au  100  P  d 

-  5.7 

99.6  Nl,  0  Cr,  0.4 

Mn 

-  12.9 

10  Au 

90  Pd 

-  8.5 

97.6  Nl,  2  Cr,  0.4 

Mn 

+  15.6 

20  Au 

80  P  d 

-12.5 

94.6  Nl,  5  Cr,  0.4 

Mn 

+  28.6 

30  Au 

70  P  d 

-14.2 

89.6  Nl,10  Cr,  0.4 

Mn 

+  32.0 

40  Au 

60  P  d 

-16.9 

84.6  Ni,15  Cr,  0.4 

Mn 

+  27.8 

50  Au 

50  P  d 

-24.4 

79.6  Nl,20  Cr,  0.4 

Mn 

+  22.9 

60  Au 

40  P  d 

-29.7 

Chromel  P  (nominal 

90  Nl 

70  Au 
do  Au 
90  Au 

30  Pd 

-2d. 3 

10  Cr) 

+  32.7 

20  P  d 

10  Pd 

-  ^.o 

-  0.5 

76.2  Nl,  19.1  Cr, 
4.8  A1 

+.17.0 

100  Au 

0  Pd 

♦  7.8 

76.2  Nl,  19.1  Cr, 
4.8  81 

+  17.9 
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Hl-Mo-Cr 


Nl-Mo 


(25  -  1000°C  exp.  range) 

Wgt.  it  Microvolts /°C 


5  Mo,  9.4  Or 

+30.7 

Ni, 

5  Mo, 

1  Mn 

10  Mo,  8.9  Cr 

+30.2 

Kl, 

10  Mo, 

1  Mn 

15  Mo,  8.4  Cr 

+28.4 

Ni, 

16  Mo, 

1  Mn 

18.8  Mo,  5  Cr 

+30.0 

Nl, 

20  Mo, 

1  Mn 

17.8  Mo,  10  Cr 

+25.2 

HI, 

20  Mo, 

3  Mn 

13.8  Mo,  3.2  Cr 

+35.0 

Hi, 

20  Mo, 

^  Mn 

6,9  Mo,  6.6  Cr 

+33.9 

HI, 

25  Mo, 

1  Mn 

Hi, 

30  Mo, 

1  Mn 

(25  -  1000°C  eiq?.  range) 

Wgt.  Mlcrovolts/^C 


+6.5 

+29.0 

+35.7 

+41.0 

+29.2 

+30.4 

+38.9 

+38.4 


Fe-Mo 

(25  -  1000°C  exp.  range) 

Wgt.  it  Microvolts /°C 

Pe,  1  Mo,  1  Mn  +l4.6 

Fe,  7  Mo,  1  Mn  +20.8 


wADc  ra  57-744 


105 


mSCELLAllEOlS  ALLOTS  RELATIVE  TO  PLATINUM 


AUoy 

Approx. 

Melting 

Point  OC 

Thermo* 

electric 

Power 

Constantan 
(45  Hi  55  Cu) 

1290 

-43.9 

(0  -  900°c) 

4o  P  d  60  Au 

1460 

-42.8 

(0  -  900°C) 

50  Pd  50  Au 

1485 

-38.4 

(0  -  900°C) 

30  Pd  70  Au 

1425 

-31.7 

(0  -  900°C) 

60  P  d  40  Au 

1500 

-31.0 

(0  -  900°c) 

70  Pd  30  Au 

1515 

-25.6  ^ 

(0  -  900  c) 

80  Pd  20  Au 

1535 

-20.2 

(0  -  900°c 

90  P  d  10  Au 

1550 

-15.7  ^ 

(0  -  900®C) 

Driver  Harris 

Ho.  99  Alloy 
(<02  C,  .01  Mu, 

.01  Si,  Bal  HI) 

1450 

-10.4 

(0  -  900°c) 

Alunel 

(94  Hi,  2A1,  3  Mn, 

1  Si) 

1400 

-8.8 

(0  -  900°C) 

20  P  d  80  Au 

1375 

-  8.3  _ 

(0  -  900°c) 

98  Pt  2  Pd 

1552 

-1.25 

(0  -  1200®C) 

10  P  d  90  Au 

1265 

^2-3  n 

(0  -  900°C) 
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Alloy 

Approx. 

Melting 

Point  C 

Thermo¬ 

electric 

Power 

9*^  Pt  6  Pd 

1552 

+3.25 

(0  -  1200°C) 

96  Pt  2  Rh 

1790 

+3.58  . 

(0  -  1200  C) 

88  Pt  12  Pd 

1552 

+5.1 

(0  -  1200°C) 

98  Pt  2  It 

1780 

+5.75 

(0  -  1200OC) 

94  Pt  6  Rh 

1825 

+7.75 

(0  -  1200°C) 

98  Pt  2  Ru 

1774 

+9.2 

(0  -  1200°C) 

90  Pt  10  Rh 

1840 

+9.9 

(0  -  1200°C) 

18-8 

Stain.  Steel 

1420 

+10.0 

(0  -  900OC) 

88  Pt  12  Rh 

1865 

+10.4 

(0  -  1200OC) 

87  Pt  13  Rh 

1870 

+11.0 

(0  -  1200°C) 

84  Pt  6  Ir 

1790 

+11.7 

(0  -  1200°C) 

80  Pt  20  Rh 

1900 

+12.3 

(0  -  1200°C) 

98  Pt  2  Os 

1774 

+12.9 

(0  -  1200°C) 

70  Pt  30  Rh 

1930 

+13.5 

(0  -  1200°C) 

60  Pt  40  Rh 

1950 

+14.2 

(0  -  1200OC) 
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Alloy 

Approx. 

Melting 

Point  OC 

niermo- 

electrlc 

Power 

Drlyer-Barrls 
lo.  ^25  Alloy 

(1.37  Mn,  Si# 

16.02  Cr,  36.4  li, 

Bal  Pe) 

1525 

+13.1  ^ 

(0  -  900°C) 

96  Pt  2  Pe 

I7M5 

+14.6 

(0  -  1200OC) 

99  Pt  1  Re 

I77M 

+15.0 

(0  -  1200°C) 

98  Pt  2  Re 

I77M 

+15.6 

(0  -  1200  C) 

10  Ir  90  Rh 

1966 

+16.2 

(0  -  1200°C) 

90  Ir  10  Rh 

1966 

+16.5 

(0  -  1200°C) 

90  Pt  10  Ir 

1780 

+15.4 

(0  -  900°C) 

96  Pt  4  Pe 

I7M0 

+16.7 

(0  -  1200°C) 

94  Pt  6  Hu 

177M 

+16.9 

(0  -  1200®C) 

88  Pt  12  It 

IBOO 

+17.7 

(0  -  12000c) 

25  It  75  »h 

1966 

+17.9 

(0  -  1200OC) 

85  Pt  15  It 

1820 

+16.2 

(0  -  900®C) 

75  Ir  25  Rh 

1966 

+18.5 

(0  -  1200°C) 

1|0  Ir  60  Rh 

1966 

+19.1 

(0  -  1200®C) 

60  11,  2^  P0,  16  Cr 

1350 

+17.2 

(0  -  900®C) 

60  Ir  Mo  Rh 

1966 

+19.2 

(0  -  1200°C) 
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moy 

Approx. 

Meltlox 

Folnt  °C 

Thermo¬ 

electric 

Fewer 

HlchrcoBe  V 
(80  Hi  20  Cr) 

1350 

+20.4 

(0  -  900°C) 

91^  Ft  6  Os 

177^^ 

+22.2 

(0  -  1200°C) 

88  Ft  12  Os 

177l» 

+30.0 

(0  -  1200OC) 

Ilrex  (13  Cr,  6  Fe, 

Bal  Hi) 

1425 

+25.1 

(0  -  900°C) 

Sriver-Harrls 

Ho.  109  Alloy 
(2.11  Nn,  .11  81, 

3.85  Cr,  Bal  HI) 

l440 

+25.4 

(0  -  900^0 

Chronel  F 
(90  Hi  10  Cr) 

1430 

+32.1 

(0  -  1200”c) 

82  HI  18  Mo 

l400 

+36.8 

(0  -  900°c) 

79  HI,  20  No,  1  Nn 

1400 

+41.0 

(25  -  1000°C) 
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Appendix  II 

»wfimiiniirrjtf!*WiTn  CTtARArrrTOTSTICS  0?  BAgg  MBTAL  ALLOTS  USED  IH  LKAD  WIRE  liKVELOPMSHT 


The  foUovlag  alloys  vere  tested  against  a  platinum  reference  and  have  been 
Included  for  general  Information.  Reference  Junction  0  C. 


Alloy 

500°F 

1000°F 

1500°F 

Stainless  Steels 

302 

1.44 

3.93 

7.42 

304 

1.43 

3.99 

7.62 

305 

1.46 

4.02 

7.63 

310 

1.58 

4.32 

8.24 

316 

1.51 

4.23 

8.03 

316 

1.43 

4.09 

7.83 

321 

1.44 

3.97 

7.56 

330 

1.92 

5.45 

10.3 

347 

1.46 

4.03 

7.66 

Almet  C>2 

1.75 

5.07 

9.61 

Mlsc.  Alloys 

Alloy  45 

-9.56 

-22.4 

-34.5 

Alloy  529 

1.86 

5.30 

9.97 

Beraloy 

2.29 

6.50 

12.4 

Eastelloy  C 

2.66 

7.28 

13.4 

Rlchrome 

2.72 

7.23 

13.0 

Nlchrome 

2.76 

7.33 

13.2 

Rlchrome  V 

3.78 

9.50 

16.4 

Nlchrome  V 

3.94 

9.82 

16.8 

Figures  (58)  throu^  (60)  have  also  been  Included  to  designate  those 
commercial  material  combination  idilch  vere  found  to  have  the  ne6u:'est 
characteristics  for  the  Indicated  thermocouples. 
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Appendix  III 

STATISTICAL  AWALYSIS  OF  LBAD  WIRE  KXPKRIMEIfr 


The  data  of  this  analysis  consists  of  voltage  measurements  on  thermo¬ 
couples,  each  type  made  up  of  a  peurtlcular  conibinatlon  of  one  of  sixteen 
stainless  steel  wires  and  one  of  three  nichrome  wires.  Thirty-nine  of  these 
types  were  reproduced  in  duplicates  and  nine  types  were  made  only  singly. 

Thus  data  was  obtained  on  el£^ty-seven  thermocouples.  For  each  thermocouple 
the  voltage  was  measured  for  the  following  three  tea^perature  differentials 
500°?,  (2W°C)  1000°P,  (538OC)  and  1500°?,  (0l6Oc) . 

For  each  type  of  wire  the  percent  of  all  constituent  metals,  as  well  as 
a  random  veiriable,  was  given.  The  object  of  this  analysis  was  to  find  equations 
that  will  predict  the  output  in  terms  of  these  characteristics  of  the  stainless 
steel  wire.  Nine  such  equations  have  been  derived,  one  for  each  combination  of 
nichrome  wire  and  temperature  differential. 


Besides  iron,  there  were  eleven  constituent  metals  in  the  steel  wire. 

The  percentages  of  these  were  treated  as  the  independent  variables.  !Hie  percent 
of  iron  was  not  considered  in  the  regression  equations  since  it  was  redundant  in 
terms  of  the  other  eleven  constituents.  Its  inclusion  would  lead  into 
mathematical  difficulties.  X-]l2  included  as  the  twelfth  independent  random 
variable . 


The  following  notations  were  used  in  computations. 


s 

X? 

X8 

X9 

XlO 

hj. 

X12 


is  the  percent  of  carbon 

"  "  "  "  phosphorus 

"  "  "  "  nickel 

"  "  n  n  chromium 

"  "  "  "  manganese 

"  "  «  .1  sulfur 

"  "  "  "  molybdenum 

"  "  "  "  columbium 

"  "  "  <<  copper 

"  "  •»  "  titanium 

"  "  "  silicon 

"  a  random  variable 


Yi  is  the  emf  (in  mv)  obtained  with  a  nichrome  wire  at  5OOOF 


Y2 

^3 


another 


a  nichrome  V 


1000°F 

1500°P 

5OOOF 

1000°P 

1500°P 

5OOOF 

1000°P 

I50O0F 


For  each  y  it  was  postulated  that  y  can  be  approximated  by  an  equation  of  the 
type 


bixi 


V2 


^  ^11^11 


^12*12 
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Tb»  coefficients  "bi  were  estimated  by  least  square  methods.  The  results  of  this 
estimation  ind  further  analysis  shows  that  within  the  range  of  the  Independent 
warlables  In  this  experiment  the  above  equation  gave  a  rather  good  approximation. 

The  primary  interest  of  this  investigation  was  to  detect  differences  between 
equations  for  different  y's.  If  the  b's  pertaining  to  y’s  of  different  teiflperature 
levels  are  different,  then  one  can  make  thermocouples  with  desirable  characteristics 
by  choosing  the  x's  properly. 

This  experiment  did  not  give  all  the  information  that  mlj^t  have  been  obtained 
with  respect  to  the  differences  in  the  b's.  The  reason  for  this  was  that  theare 
existed  variations  in  most  of  the  x's.  It  was  difficult  to  assess  the  effect 

of  a  constituent  if  this  constituent  was  observed  only  within  a  range  of  a  fraction 
of  a  percent.  The  only  constituent  which  was  present  with  greatly  differing  amounts 
was  nickel.  In  fact,  the  amount  of  nickel  in  the  steel  wire  seems  to  dominate  the 
data.  The  Hilstaln  330  and  Almet  C-20  stainless  steel  wires  which  had  the  hi^st 
nickel  content  yielded  the  lowest  output  for  all  temperatures  in  combination  with 
nlchrome.  On  the  other  hand,  the  output  of  the  302  stainless  steel  wire  with  the 
lowest  nickel  content  was  among  those  having  the  hlc^est  output.  However,  from  the 
regression  analysis,  it  seemed  very  plausible  that  other  constituents  have  a  greater 
effect  than  nickel.  Titanium,  for  exaa^le,  was  estimated  to  have  an  effect  about 
15  to  100  times  larger  than  that  of  nickel.  However,  the  estimate  of  bu  (pertain¬ 
ing  to  titanium)  was  not  very  precise  because  of  the  small  variation  in  titanium. 

The  amount  of  titanium  in  any  steel  wire  was  only  .03)(.  However,  in  spite 

of  these  experimental  shortcomings,  the  results  obtained  are  useful  in  constructing 
thermocouples  with  appropriate  lead  wires. 

The  experiment  provided  thirty-nine  pairs  of  thermocouples  which,  for  this 
analysis,  were  assumed  to  be  identical.  However,  the  output  of  identical  themo- 
couplea  differed  from  each  other.  These  observed  differences  may  be  considered  as 
due  to  inherent  random  errors  with  which  this  investigation  was  not  directly  con¬ 
cerned.  The  standard  deviations  of  these  random  errors  were  estimated  to  have  the 
following  values . 

Sample  X  -  Hichrome  Sample  T  -  Hichrome  Sample  Z  -  Hichrome 

500®F  1000°F  1500°r  500°F  1000®F  1500°F  500°?  1000°F  1500°F 

.00596  .00611  .00086  .00537  .00690  .00985  .003W  .00036  .00635 

These  standard  deviations  were  taken  as  being  within  standard  deviation  (within 
pairs  of  identical  thermocouples) .  Unless  the  methods  of  experimentation  was  made 
more  precise,  nothing  could  be  done  to  reduce  the  variability  that  is  measured  by 
the  within  standard  deviation. 

Constructing  a  regression  equation  presumably  gives  the  correct  expected  value 
of  the  observed  dependent  variable  y.  It  was  possible  to  estimate  standard  deviation 
of  the  differences  between  observed  and  the  predicted  values.  This  measure  of  varia¬ 
bility  was  called  the  standard  deviation  from  the  regression  equation.  If  the  expec¬ 
ted  value  of  y  can  be  precisely  expressed  by  the  type  of  the  regression  equation  used 
in  the  analysis,  then  the  standard  deviations  as  estimated  fx»m  regression  should 
approximately  equal  the  standard  deviation  as  estimated  from  within  pairs  of  identi¬ 
cal  thermocouples.  If  the  former  standard  deviation  is  much  larger  than  the  latter, 
then  there  is  a  very  strong  indication  that  the  proposed  type  of  equation  does  not 
give  an  exact  fit. 
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Xt  found  thnt  the  standard  dSTiatlons  fron  regression  were  a1}out  three  to  four 
tlaas  as  large  as  the  vlthln  standard  derlation. 

8ui^  large  differences  In  the  standard  derlatlons  are  oTsmbelalng  erldence 
that  Is  %rong”.  The  lack  of  perfect  fit  nay  hare  heen  due  to  the 

posalhle  fact  that  z*s  sere  not  precisely  measured.  More  than  likely  the  lack 
of  fit  could  he  attributed  to  the  postulated  equations.  Several  theoretical 
ecmtderatlona  Indicate  that  a  linear  equation  uonld  not  fit  this  data  perfectly. 

fhe  value  of  a  regression  equation  does  not  necessarily  depend  on  a  perfect 
fit.  Its  value  lies  la  Its  potential  predicting  ability.  If  no  account  sure 
taken  of  the  z*s,  a  likely  prediction  of  a  y  value  would  be  the  observed  average 
of  the  y'a,  Which  may  be  considered  as  the  most  representative'  y  value.  She 
standard  deviation  of  the  differences  of  the  observed  y  values  from  the  mean  of 
the  7  valmsa  Is  a  measure  of  the  variability  of  the  y's  vllhout  prediction. 

She  eoagarlson  of  this  standard  deviation  vlth  that  from  regression  demonstrates 
the  value  of  the  regression  equation.  9ie  standard  deviations  from  the  mesa  are 
about  10  to  30  as  large  as  those  from  the  prediction  equations,  fhe  following 
thhle  gives  the  values  of  the  estimates  of  both  these  standard  deviations. 

■Ichrome  Mlehrome  llchrome  Y 

500*^  looo^V  i5oo®r  5oo°F  looo'V  i5oo°f  5oo°Jr  iooo°f  1500°? 

B  ;01^  .0232  .0346  .0175  *0200  .04l7  .0417  .0198  .0244 

M  .1595  .42^  .7517  .1526  .4312  .7511  .1468  .4272  .755^ 

tahla  clearly  daK>nstrates  predicting  Ability  of  the  coqputed  regression 
equations . 

It  la  customary  to  run  statistical  analysis  on  the  regression  coefflents  b. 
fhe  valldl'^  of  these  cuialyses  depend  on  vairlous  assumptions,  among  others  Is  that 
the  postulated  equation  fits  perfectly.  Since  this  Is  obviously  not  the  case, 
these  analyses  were  not  made  here,  fhe  following  two  tables  give  the  values  of 
the  b'a  as  estimated  by  least  square  procedures  and  the  estimates  of  the  standard 
deviation  of  the  estimates  of  the  b's.  fhe  standard  deviation  from  regression 
was  used  la  the  estimation  of  the  standard  deviation  of  the  b's.  Since  no 
rigorous  analysis  was  possible  as  a  rough  guide  It  was  considered  that  a 
regression  coefficient  was  "significant”  If  It  exceeded  several  timss  Its  standard 
deviation  as  given  In  the  taULe.  da  estimate  of  a  regression  coefficient  of  the 
value  of  about  one  staadard  devlatloa  or  less  may  la  fact  ie  due  solely  to  random 
flactuetloas. 

fhe  tables  of  the  regression  coefficients  and  their  standard  deviations 
along  with  an  Interpretation  of  the  coefficients  are  as  foUowst 
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llchrone  Wlchroae  Hlchrone  Y 
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.0037 
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3.0417 
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.0147 
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.0199 
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.0448 
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.0259 
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.00^ 
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.0211 

.0107 

.0122 

.0253 
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.0120 

.0148 
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.4598 

.7525 

1.0349 

.5250 

.5980 
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.4396 
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.7280 
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.0512 

.0838 
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.0585 

.0666 

.1388 

.0490 
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.0811 
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.5096 

.8339 
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.5818 

.6627 

1.3801 

.4872 

.6544 

.8069 
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The  h's  are  ohrlously  different  for  the  different  teaperatnres .  The  Nichrome  V 
vlre  obriously  has  different  hQ  values  from  those  of  nichrome  vires .  Prom  this  data 
it  is  difficult  to  determine  vnether  the  steel  and  nichrome  vires  interact.  If 
there  are  interactions,  they  seem  to  he  moderate.  This  means  that  the  effects  of 
the  nichrome  vlre  and  of  the  steel  vlre  are  largely  additive,  (c.f.  cooment  in 
Sichel) . 

Carhon  (h^)  seems  to  raise  the  ou'^put;  the  Increase  seems  to  be  rou^ily 
proportional  to  the  output  vlthout  any  carbon. 

Phosphorous  (b2)  tends  to  lover  the  output  for  hl£^er  temperatures. 

Hlchel  (b^  lovers  the  output,  ihe  effect  is  more  marked  for  the  higher 
temperatures,  '^ven  though  the  coefficients  have  very  small  standard  deviations, 
the  b's  for  the  different  nichromes  but  the  same  tenperatures  differ  very  little 
from  each  other,  ihls  shovs  that  the  effects  of  nickel  are  not  much  Influenced  by 
the  type  of  nichrome  vlre  used. 

Chromium  (bj^^)  lovers  the  output;  the  lovering  is  more  pronounced  vlth  the 
hl^er  temperatures.  The  bjj^  seems  nearly  proportional  to  the  corresponding  b^. 

Manganese  (b^)  raises  the  output  for  the  lover  temperatxires .  At  1500°P  (8l6°C) 
there  is  an  indication  of  lovering  the  output. 

Sulfur  (bg)  is  interesting  becaxise  it  yielded  the  largest  coefficients  and 
because  those  pertaining  to  1000 °P  (538°C)  do  not  lie  betveen  those  of  500°P  (26o°C) 
and  1500®F  (8l6°C).  Unfortunately,  the  standard  deviations  of  the  coefficients  are 
sol  large  that  not  much  could  be  asserted  about  these  phenomena  vith  great  assurance. 
The  only  reasonable  statement  that  could  be  made  vas  that  sulfur  seems  to  raise  the 
output  and  the  increase  seemed  more  pronounced  at  the  hl^er  tenperatures . 

Molybdenum  (by)  lovers  the  output.  Hie  decrease  is  more  pronounced  at  hl^er 
temperatures . 


Co.linibium  (bo) .  Columbium  lovers  the  output.  Even  though  there  is  suggestion 
of  8  tenperature  trend,  the  effect  of  columbium  seems  relatively  independent  of  the 
temperature  level. 

Copper  (b^) .  Copper  raises  the  output.  Like  columbium,  the  effect  seems 
relatively  constant  vlth  a  sll^t  indication  of  temperature  trend. 

Titanium  (b^^g)  yields  large  coefficients;  hovever,  the  standard  deviations 
8^^*  l8rge.  Titaniiun  lovers  the  output,  apparently  at  a  relatively  constant  rate. 

Silicon  (b,,)  raises  the  output.  The  increase  is  less  pronounced  at  500°? 
(26oOC). 
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